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FOREWORD

This report docunents work performed by Crew Systens Ergonomics Information Analysis
Center (CSERI AC) on subtask 1 out of 4 of the task entitled “Sirmulation Fidelity

Requi renents.” The task was a provision of an interagency agreenment between the
Federal Aviation Adm nistration (FAA) Technical Center, Departnent of Transportation
(DOT) and the Defense Technical Information Center (DTIC). It was conducted under

DOD Contract Nunber DLA900-88-D- 0393, and the CSERI AC Task Nunber was 93956-24. The
CSERI AC Prograrn Manager was M. Don Dreesbach. The CSERI AC Task Leader was M.

M chael C. Reynolds. The FAA Techni cal Program Manager (TPM was M. Al bert J.
Rehmann, and the FAA Project Engi neer was M. Pochol o Bravo.
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EXECUTIVE SUMMARY

A concern in nodern aircraft is that flightcrews are inundated with an enornous
amount of automation. This has changed the role of the flightcrew and has demanded
i ncreased nonitoring behaviors than ever before. Because flightcrew behavior is

| ess observable, the challenge in the human factors research industry is to identify
pi | ot performance through new eval uati on tools and techni ques.

The Federal Aviation Adm nistration (FAA) Technical Center envisions that their
studies will require standard neasures of pilot/crew performance. Therefore, the
FAA comm ssioned the Grew System Ergonomics Information Analysis Center (CSERI AC) to
(1) identify state-of-the-art pilot/crew performance neasures in selected areas of
interest, (2) provide guidance material to allow the FAA Technical Center to
determine appropriate nmeasures for a given study classification, and (3) provide
gui del i nes on pilot subject characteristics used in their studies. Adhering to
accepted standards will allow performance data to be transl ated between FAA studies
and generalized across other governnent and industry partners. This docunent

descri bes work perforned by CSERI AC on subtask 1 out of 4 of the task entitled
“Simulation Fidelity Requirements.”

Three areas of human perfornance that have achieved the nost attention in the
literature are: workl oad, situational awareness, and vigilance. An extensive
literature search was conducted on each of these areas and | eadi ng experts in the
human performance research industry were consulted. The assortment of information
was reviewed, conpiled, and integrated into a conveni ent handbook applicable to
human factors personnel within the FAA

The FAA has currently in place a variety of testbeds, including the Reconfigurable
Cockpit System (RCS) and the Cockpit Sinulation Network (CSN). The handbook defines
various systens engineering study classifications (e.g., part-task, full-mssion
end-to-end) and provi des guidelines in the selection of appropriate tools and

techni ques within each study classification. The use of expert system know edge-
based tools for matching performance neasures to various study classes is also

addr essed

A set of criteria and guidelines on pilot subject characteristics is al so provided.
Qualities of a pilot subject are often discarded in many human performance research
studies, and as a result data obtained fromthese studies may not be representative,
nor reflect performance in the real world. CQuidelines on nunber of subjects,
experience |level required, the use of different airline flightcrews, etc., are

provi ded.

I n concl usi on, CSERI AC has acquired a network of experts in the area of workl oad
situational awareness, and vigilance, including related human performance

di sci plines, such as adaptive automation, boredom fatigue, and team deci sion

maki ng. Future efforts may require additional contacts with these experts. As a
result of this effort, a database of pilot subject selection criteria has been
establ i shed which will contain pilot subject characteristics frompast and future
FAA eval uations. Additionally, any interesting facts or observations will al so be
recor ded






1. INTRODUCTION.

1.1 BACKGROUND.

The role of the flightcrew in today’' s nodern aircraft has changed consi derably since
the introduction of the electronic cockpit. Pilots are acting as supervisors and
managers of systens, rather than perfornming traditional manual roles. These changes
have pl aced additional cognitive processing demands on the crew. For the human
factors practitioner, evaluation of pilot performance is inherently nmore difficult
to neasure and | ess observabl e

1.2 STATEMENT OF PROBLEM/SCOPE.

The enphasis on this paper is to provide guidance material on a few of the nost
conmon measurabl e constructs in the research industry; that is, nental workl oad
situational awareness, and vigilance. Together, these three areas have received the
nost attention in the research industry. Wrkload, for exanple, has a w de variety
of performance netrics that are available to the human factors practitioner

However, because of many definitions and beliefs, it is not always understood what
wor kl oad nmeasures are nore appropriate to use than others. The decisions to be nade
are nunerous and depend on a variety of factors. Some factors are not as easily
understood. Therefore, references to expert tools specifically designed to assist
the practitioner will be identified

Many tools are avail able to measure nental workload, situational awareness, etc.
however, only those which are used nost comon in the research industry,
specifically, in the area of flight sinulation will be identified. Furthernore, the
intent of this report is only to provide a review of the various tools and not to
identify howto use them Appendix Alists the mbst common tools, along, with
references identifying their use

1.3 OBJECTIVE.

The objective of this research was threefold (1) to identify state-of-the art pilot
per formance measures, (2) to suggest how these neasurenent methods and netrics
shoul d be enpl oyed for use in the Federal Aviation Administration (FAA) Techni cal
Center’s pilot/crew performance studies, and (3) to determine a set of criteria or
gui delines to guide the human factors practitioner in selecting pilot subjects for
evaluation. The ultimate goal is to provide a handbook whi ch can be used by hunan
factors personnel within the FAA

1.4 PURPOSE.

The purpose of this handbook is to provide guidelines on various human performance
nmeasures and flightcrew selection criteria for future human factors Data Link
research conducted at the FAA Technical Center. The FAA Technical Center has a

uni que assortment of eval uation equi pment for conducting pilot perfornmance studies,
i ncludi ng the Reconfigurable Cockpit System (RCS). The RCS can be rapidly changed
to reflect various cockpit configurations and can be renotely tied into, along with
other simulators across the world, the FAA Technical Center’s Cockpit Sinulation
Net wor k ( CSN) .

This report is one of four reports that have been witten by Crew System Ergonom cs
I nformation Analysis Center (CSERI AC) under the auspices of the “Sinmulation Fidelity
Requi renents” task for the FAA Technical Center. The other reports (Mtman et al.
1994a, 1994b; Reynol ds, 1994) contain issues, such as sinulator sophistication



requi red, number of sinulators required, and generalization of performance data that
shoul d al so be consul ted

1.5 METHOD/PROCEDURE.

Two approaches to identifying state-of-the-art performance neasures were foll owed.
The first approach was to identify general neasures of human perfornmance through
searches of local libraries and the Defense Technical Information Center (DTIQ),
Nati onal Technical Information Service (NTIS), Aerospace and Conpendex on-Iline

dat abases. As expected, this yielded many references, therefore, further refined
searches, limted to the last 10 years and containing pilot/crew perfornmance
nmeasures were performed. Results of these searches were filtered and separated into
the three specific topic areas of interest: nental workload, situational awareness,
and vigilance. Special attention was nade to those references which provided recent
reviews as opposed to describing specific evaluations which enpl oyed or described
only a few nmeasures

The second approach involved soliciting the human factors research industry and
universities for subject matter experts (SME) in the various fields of interest.
Local SMEs were contacted at Wight-Patterson Air Force Base (WPAFB) within
Armstrong Laboratory’s Human Engi neering Lab (AL/CFH), Wight State University,
Uni versity of Dayton, and University of G ncinnati. Contacts were nade and

i nformati on was obtai ned t hrough both phone conversation and personal visits.

On a national |evel, contacts were nade with the National Technol ogy Transfer Center
(NTTC). The NTTC, which is sponsored by National Aeronautics and Space

Admi ni stration (NASA) in cooperation with other federal agencies, serves as a
national cl earinghouse/gateway for federal technology transfer. An NITC agent works
cooperatively to help refine an individual’'s request and identifies key contacts in
the specified areas of interest. Based on the NITC support, additional contacts
were made with personnel from NASA-AMES, O fice of Research and Technol ogy
Assessment (ORTA, Brooks AFB), Crew Station Technol ogy Lab (Brooks AFB), and Arny
Aeroflight Directorate. The personal contacts were nmade to inquire about recent
devel opments in the area of pilot performance neasures not yet published nor in the
public nmainstream As a result of this effort, a network of SMEs was established in
all three of the main topic areas, including notable researchers in the area of

conpl acency, boredom team decision making and fatigue. A database containing
various SMEs and rel ated government and industry research | abs was conpiled as a
result of this effort. For future consideration, the database will be drawn upon to
gather additional information on the various research topics.

1.6 ORGANIZATION OF REPORT.

The report is organized into three major sections. The first section (section 2
Human Performance Measures) addresses the various state-of-the-art perfornmance
nmeasures for the three areas previously nentioned

The second section (section 3. Study O assifications) describes comon testbeds or
study classifications envisioned to be used by the FAA Technical Center. This
section further identifies what perfornance nmeasures are appropriate for a given
study classification. Al though other sections may contain additional information on
performance nmeasure classification, this section is intended to be the sole section
on this subject area

The third section (section 4. Flightcrew Data Requirenments) identifies pilot subject
selection criteria that shoul d be considered when conducting human factors research
in the different study classifications.

In addition, a reasonably conprehensive reference/bibliography Iist (over 190 tota
citations) is provided at the end of the report and in appendix A Appendix A
descri bes various workl oad and situational awareness neasurenent techniques.



2. HUMAN PERFORMANCE MEASURES.

The assessnent techniques/tools used in test and eval uation for measuring workl oad
situational awareness, and vigilance are described in the followi ng section. Again
this is not a conplete list, only those to be considered the nost comon or have
been proven to be valid and reliable within a flight sinulation environment are
addressed. Publications docunmenting recent reviews of assessnent techni ques have
been highlighted within each area. Enphasis was on providing guidelines, through
depi ction of various tables, on what nmethods to use or not to use. Many factors
shoul d be considered, not the | east of which is cost and the anmount of tine,
resources, and effort in using the tools.

2.1 MEASUREMENT CRITERIA.

A conmon consi deration before conducting a study is to consider several criteria
with regards to the nmeasure in question. For exanple, some neasures nmay be nore
reliable than others; that is, the measured output is consistent over repeated test
conditions. The following list delineates nine of the nost notable criteria. No
single measure will have all these attributes, therefore, the practitioner should
consider using multiple neasures. Mst of these criteria were extracted fromthe
American National Standards Institute (ANSI)/American Institute of Aeronautics and
Astronautics (Al AA) “Cuide to Human Performance Measurenents.”

Appropriate Level of Detail - Measures should reflect the performance of interest
with sufficient detail to pernmt a nmeaningful analysis. For exanple, if one is
eval uating alternative control and display rel ationships, the perfornmance of each
step and control activation in a procedural sequence could be inportant to

under stand t he best configuration or potential for errors. On the other hand
coll ecting such detailed informati on might not be appropriate when conparing the
ef fectiveness of two conpeting systens that had dissimilar procedures. In this
case, one should focus on nmeasures of effectiveness (e.g., howwell did the

oper at or/ mai ntai ner and nmachi ne performthe intended purpose of the systen)
(ANSI / Al AA, 1992).

Reliability - Reliability is the repeatability of a measure. |f one neasures the
same behavior in exactly the sane way under identical circunstances, the sane val ue
of the metric should result. |n human performance nmeasurenent, however, individua
di f ferences anobng human operators, decision makers, and maintai ners occur; even the
same person may respond to successive trials differently because of |earning or
other effects. To adjust for this, the concept of reliability is extended froma
value of a netric to a distribution of a netric; thus, if one obtains the sane
distribution with repeated neasures, the nmetric is said to be reliable (ANSI/AI AA,
1992).

Validity - Does the nmeasure mean what it is supposed to nean; is it appropriate to
use for the intended purpose? There are at least five types of validity: face
concurrent, content, construct, and predictive. Each of these is described
separately (ANSI/AlI AA, 1992).

Face Validity - Face validity is the nmost conmon; here, a subject matter expert
usual ly confirns that the particular metric represents performance that is
i mportant for acconplishnent of the task

Concurrent Validity - Concurrent validity is the correlation of a nmeasure with other
measures. |If two neasures correlate highly with each other, they may be neasuring
the same thing. The higher the correlation, the greater degree of simlarity.

Content Validity - Content validity addresses conprehensiveness - proper sanpling of
the performance in a battery of test itenms and neasures. Have you sanpled all of
the inportant areas of performance or know edge? Do you have test itenms or measures
that are uninportant, or perhaps irrelevant, to the task?

Construct Validity - Construct validity is concerned with the correlation of a
measure (or group of neasures) with a construct, theory, or nodel. One may



hypot hesi ze that responses (neasures) to a witten test battery (the neasurenent
instrunent) will be different for various professional groups, such as engineers,
physi cians, and pilots. By offering the test battery to the various groups, one can
classify the responses by group; if the responses are different, the validity of the
construct would be denonstrated. Sinmilarly, in the performance domain, one nay
hypot hesi ze and vali date the construct that expert operators performin a different
way than novices

Predictive Validity - Predictive validity is perhaps the nost inportant
characteristic of behavioral measures, yet it often is the nost neglected and
difficult to obtain. Here, one would like to know that measures being taken in a

| aboratory, on a nockup, in a sinulator, or during training are representative and
predictive of the performance of the human being (and that system) in the real world
on the job

Sensitivity - Does the nmeasure react sufficiently well to changes in the independent

variable. It is quite possible that the neasure chosen may be valid and reliable
but will not show a | arge enough effect to be neasured easily (WIlson, Corlett,
1990) .

Transferability - Transferability refers to the capability of a technique to be used
in various applications. Sone techniques vary fromapplication to application
Consequently, a neasure (e.g., flight control inputs) that is applicable to one type
(e.g., aircraft systen) of evaluation might not be readily transferred to anot her
type of evaluation (e.g., process control system) (WIlson, Corlett, 1990).

Di agnosticity - Diagnosticity can be thought of as the characteristic of a measure
to provide information that will tend to isolate the cause of good or bad
performance. Measures that have diagnosticity add value to the nmeasure set by
providing information that mght not be obtained in any other way (ANSI/AI AA 1992).

Intrusiveness - A neasure requiring a technique that in the process of data
collection attracts the attention of the subject may clearly affect the subject’s
task performance. |If it does so, the neasure is intrusive. Al nost all measures are
intrusive to sonme extent, but their contami nating effect on task performance will
vary. Less obtrusive nethods of data collection are to be preferred to nore

i ntrusive ones (ANSI/AI AA 1992).

| npl ement ati on Requirenents - Wen desi gni ng neasures or sel ecting nethods of
nmeasuring, one nust consider the inplenmentation requirenents of the nmeasure set.
The general issues to be considered include ease of data collection, robustness of
t he neasurenment instruments, and overall data quality control. These issues apply
to design and mai ntenance of | aboratory measurenment systens and instrunents as well
as to simulator studies and field exercises (ANSI/Al AA, 1992).

Flexibility - Measurenent instrunents and aut omated perfornmance nmeasurenment systens
shoul d be designed in a manner that will enhance the ability to nmake changes in
nmeasures as situations demand. For autonmated, conputer-driven perfornmance

nmeasur enent systens, this means pl aci ng neasurenent specifications in tables (or

ot her such mechani snms) so that changes can be nade w thout having to recode or
reconpi l e the conputer program (ANSI/ Al AA, 1992).

2.2 WORKLOAD.

A wi dely accepted taxonony of workload assessnent techniques is that they generally
fall into four major categories: subjective, physiological, performnce based, and
analytical. The first three categories conprise what is known as enpirica

t echni ques, or nethods which are used during “operator-in-the-1oop” eval uations.
The | ast category, analytical, are predictive techniques that are normally enpl oyed
in early stages of systemdesign that do not require a pilot subject. Fromthe

st andpoi nt that FAA evaluations will be “operator-in-the-loop” simnulations, only
enpirical methods will be described. Table 1, adopted from Eggenei er (1987),

provi des a general description of how each of the enpirical techniques (subjective,
physi ol ogi cal , performance [primary and secondary]) relate to five of the nine
nmeasurenent criteria established in the previous section



The next three sections identify the various enpirical workload assessnent
techniques. A |ast section summarizes sone advantages and di sadvant ages of the
various techniques. For further information, sone excellent recent reviews (Christ
et al., 1993; Veltman and Gaillard, 1993; Werw lle and Eggenei er, 1993; Genell et
al ., 1991; Eggeneier et al., 1990; Corwin et al., 1989; Lysaght et al., 1989) on
wor kl oad assessnent techniques in general should be consulted

2.2.1 Subjective Measures.

Per haps the nost popul ar form of workload assessnent enployed in the field is in the
use of subjective rating scales. The review of the literature uncovered a w de
variety of techni ques, each having their advantages and di sadvantages. The conmon
thread anong all rating scales is that they are fairly easy to inplenment, |ow cost,
and are relatively free of intrusion. Appendix A describes 19 such scales. A
general description, strengths and linmtations, graphs, etc., are provided for each
scale. Although nore scales exist, only those chosen are



TABLE 1. SUMMARY OF WORKLOAD ASSESSMENT TECHNIQUE CAPABILITIES

SENSI TIVI TY DI AGNCSTI A TY I NTRUSI VENESS | MPLEMENTATI O
REQUI REMENTS
Capabl e of Not consi dered I ntrusion does not I nstrunment ation

di scrimnating |evels
of capacity expenditure

di agnostic. Available
evi dence indicates that

appear to represent a
signi fi cant problem

required is usually
mniml, permtting

SUBJECTI VE in nonoverl oad rating scal es represent Most applications in a nunber of
TECHNI QUES situations. Can be a gl obal neasure of require rating scale environnents.
used to assess the |l oad. Lack of conpl eti on subsequent Tradi ti onal
relative potential for di agnosticity suggests to task performance applications require
overl oad anmpbng desi gn use as a general and, therefore, present nmockups, simulators
options. screeni ng device to no intrusion problem oper ati onal equi prer
determne if overl oad I nposes limts on us
exi sts anywhere within during early system
task perfornmance. devel opment. Recent
proj ective use prov
potential for
application during
early stages. Sone
fam liarization witt
procedures can be
requi red
Di scrim nate overl oad Not consi dered Noni ntrusi ve since no I nstrunentation for
from nonover | oad di agnostic. Represents | additional operator data collection can
situations. Used to a gl obal measure of per formance or support restrict use in
PRI MARY TASK determ ne if operator wor kl oad that is required. oper ati onal
MEASURE performance will be sensitive to overl oads environments. Use

acceptable with a
particul ar design
option.

anywhere within the
operator’s processing
system

requi res nmockups
simul ators, or
oper ati onal equi prer
I nposes limts on us
during early system
devel opment. No
operator training
requi red

SECONDARY TASK
METHCDS

Capabl e of

di scrimnating | evels
of capacity expenditure
in nonoverl oad
situations. Used to
assess reserve capacity
afforded by a primry
task. Can be used to
assess the potenti al

for overload anpng

desi gn options

Capabl e of

di scrimnating some
differences in resource
expenditure (e.g.
central processing
versus notor).

Di agnosticity suggests
conpl ementary use with
nore general ly
sensitive neasures

with the latter
initially identifying
overl oads and secondary
tasks being used
subsequently to

pi npoi nt the |ocus of
over | oad

Primary task intrusion
has represented a
problemin many
applications
particularly in the

| aboratory. Data are
not extensive in
oper ati onal
environments. Severa
techni ques (e.g.
enbedded secondary
task, adaptive
procedures) have been
desi gned to contro
intrusion. Potential
for intrusion could
limt use in
oper ati onal

envi ronnents.

I nstrunentation for
data coll ection can
restrict use in
oper ati onal

envi ronnents, but sc
tasks have been
instrunented for in-
flight use. use
requi res nmockups
simul ators, or
oper ati onal equi prer
I nposes limts on us
during early system
devel opment.  Some
operator training
usual ly required to
stabilize secondary
task performance

PHYSI OLOG CAL
TECHNI QUES

Capabl e of

di scrimnating | evels
of capacity expenditure
in nonoverl oad
situations. Can be
used to assess the
relative potential for
overl oad anmpbng desi gn
options.

Some techni ques (e.g.
event-rel ated brain
potential) appear

di agnostic of some
resources, while other
measures (e.g., pupi

di ameter) appear nore
general ly sensitive
Choi ce of technique
dependent on pur- pose
of neasurenent
(screening for any
overl oad versus
identifying |ocus of
over | oad

I ntrusion does not
appear to represent a
maj or problem although
there are data to
indicate that some
interference can occur

I nstrunentation for
data coll ection can
restrict use in
oper ati onal
environments. Use
requi res nmockups
simul ators, or
oper ati onal equi prer
I nposes limts on us
during early system
devel opment. No
operator training
requi red




considered to be the nost applicable to the flight sinulation environnent.

One factor in the selection of a subjective workload rating scale is its
di agnosticity. Based on the multiple-resource theory

(Wckens, 1980), workload can be thought of as a nultidi mensional construct.

Di agnosti ¢ neasures such as the Subjective Wrkload Assessnent Techni que (SWAT) and
the NASA Task Load I ndex (NASA-TLX), for exanple, are multidimensional rating

scal es. They provide information on the various conponents or sources of workl oad
as well as an estimate of global workload. Sandry-Garza et al., (1987) concl uded
that SWAT and TLX are excel |l ent workl oad tools for conmercial transport aircraft
applications. Corwin et al., 1989) concluded that in addition to SWAT and TLX, the
Bedf ord Workl oad and the Pil ot Subjective Evaluation (PSE) scal es are also
applicable for in-flight simulation evaluations.

Two scal es that have been recently published are the Dutch Effort Scale (Veltman and

Gaillard, 1993) and the Subjective Wrkload Profile Scale (Tsang and Vel azquez

1993);

both are mul ti di mensi ona

scal es

The Dutch Effort Scal e has been vali dat ed

in a fixed based simulator environment and has proven to be nore sensitive to
The Subj ective
it has yet to be

differences in task | oading as conpared to the NASA-TLX scal e
Workload Profile is currently undergoing validation exercises;
enpl oyed within a flight sinmulation environnent.

Tabl e 2 contains a description of the sensitivity,
for six of the nost comon subjective rating scal es.
descri bed in detai

further

2.2.2

Performance Measures.

in appendi x A

reliability,

di agnosticity, etc.,
Each of these scales are

Per f ormance based neasures utilize sonme aspect of the operator’s capability to
performtasks or systemfunctions in order to provide an assessnent of workl oad
br oken down into two subcategori es:

Per f ormance neasures can be further
nmeasures and secondary task nmeasures.

descri bed in separate sections.
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Primary Task Measures.

Each of these areas wll

primary task

be individually

Primary task measures assess some aspect of the operator’s capability to performthe

task or system function of

t ask demands i ncrease
Primary task measures exhibit their greatest sensitivity to variations in workload

when the tota
i nformati on (Eggenei er et al.
overcone noderate | evel s of workload while stil
on the primary task neasure

| eve

1990) .

i nterest (Eggeneier and WI son,
their ability to performat an optinal

Secondary tasks,

1991).

| eve

As flightcrew
decr eases.

task demand in a situation exceeds the pilot’s capability to process
The reason is due to the pilot’s ability to

being able to performat an optinal

described in the next section

are typically used in conjunction with primary task measures in order to deternine
| ower to noderate workload shifts in task perfornmance.

TABLE 2. SIX COMMON SUBJECTIVE RATING SCALES JUDGED ON SEVERAL CRITERIA

Technique Sensitivity Reliability | Diagnosticity Cost/Effort Task Time Ease of
Requirements Scoring
Analytica High High Moderate Low Cost Requires Computer
Hierarchy Low Effort rating pairs scored
Process of tasks
Bedford High High Low Low Cost Requires two No scoring
Low Effort decisions needed
Cooper- High for High Low Low Cost Requires No scoring
Harper psychomotor Low Effort three needed
decisions




Modified High High Low Low Cost Requires No scoring
Cooper- Low Effort three needed
Harper decisions
NASA-TLX | High High Moderate/High | Low Cost Requires six Requires
Low Effort ratings weighting
procedure
SWAT High High Moderate/High | Low Cost Requires Requires
Low Effort prior card computer
sort and scoring
three ratings

(Source: Lysaght et al., 1989; ANSI/AIAA, 1992)

Typi cal primary task nmeasures involve the recording of flightcrew control input
activity, whether it be fromthe wheel, colum, or pedal. Flight sinulation

eval uations, for exanple, that assess the differences between two | anding type

di splays, would be interested in lateral, localizer, and glide slope deviations of
final approach. 1In general, control input activity has denonstrated evi dence of
validity, reliability, and applicability as primary task measures for eval uating
pil ot workload (Corwin et al., 1989).

A problemwith primary task measures, as opposed to the nmore general class of
secondary cl ass neasures, is that a nmeasure nmust be devel oped on an individual basis
for each application. Care nmust be taken in selecting an appropriate neasure. For
exanpl e, control input activity might be an acceptabl e nmeasure when conparing the
benefits of Data Link comunications to that of voice if only one crew nmenber is
aboard. But the same neasure in a two-person crew environnment woul d not be
applicable. Typically, in the air transport environment, the nonflying pilot handles
all radi o comunications, therefore, control input activity may not be diagnostic of
hi s/ her wor kl oad

Traditional primary task nmeasures are speed and accuracy type measures. Speed (or
time) would neasure the reaction time, for exanple, to perceive an event, initiate a
novenment or correction, and/or perhaps detect a trend of rmultiple related events
occurring in the cockpit. Accuracy nmeasures in a Data Link simulated environment,
for exanple, would be used to neasure the accuracy or detection that a signal (Data
Li nk aural/visual alert) was recogni zed, the appropriate response (WLCO UNABLE
etc.) was nmade and that the Data Linked information was accurately conveyed to al
crew nenbers. The reciprocal measure of accuracy—errors—awul d al so be an acceptabl e
primary task measure. One could neasure the nunber of errors operating a Data Link
display (e.g., incorrect switch hits) in a termnal environment as opposed to an en
route environment.

LeMay and Constock (1990) proposed an overall indicator of performance, or Figure O
Merit (FOV) to establish the effect of workload on efficiency to identify overl oad
conditions. They tested the FOM procedure on simulated | anding tasks in which
standard comuni cations (voice) with air traffic control (ATC) was conpared with a
Data Link system Conbi ned scores for continuous, e.g., lateral position and
altitude data, and discrete task perfornmance, e.g., tine spent on autopil ot
mani pul ati on, were added together to obtain an overall FOM The results indicate
that Data Link communications significantly increased variability in overall task
performance. The authors stated that the normative FOMtechni que may be useful to
di scover problens associ ated with new technol ogy introduction; they reconended nore
simulation studies to validate the sensitivity of the procedure

Control input activity, speed (time) and accuracy (errors) are the nost often uses
of primary task neasures for assessing workload variations. The references provided
earlier and those listed in this section provide additional information on primary
task nmeasures.

QO her primary task nmeasures listed in table 3 have al so been used. The sensitivity
of these neasures is dependent on the |evel of workl oad experienced by the operator
If the pilot’s load is too | ow, then the neasures are not sensitive to workl oad




variations in this region. On the other hand, if the pilot’s load is excessive
then these nmeasures by thensel ves woul d be highly sensitive (Lysaght et al., 1989).
Assumi ng that the sinulation testbed is capable of recordi ng system performance
nmeasures, the neasures depicted in table 3 can be obtained at a relatively | ow cost
with noderate effort.

2222 Secondary Task Measures.

The literature yielded many different kinds of secondary task met hodol ogi es
(ANSI / Al AA, 1992; Eggeneier and W1 son, 1991; Lysaght et al., 1989). A secondary
task is neasured in conjunction with a primary task neasure. The relative workl oad
associated with the primary task is reflected in the | evel of perfornmance on the
secondary task. For exanmple, if the flightcrew s workload is fully | oaded on the
primary task, performance on a secondary task may be unacceptabl e. Secondary task
paradi gns are al so used to provi ded di agnostic information regarding the type of
resources (notor, perceptual, etc.,) available (spare capacity) or expended by the
operator. Because of this, secondary task nethodol ogi es are considered sensitive to
det ecting operator workl oad, especially during expected | ow or noderate workl oad
condi ti ons.

TABLE 3. EXAMPLE PRIMARY TASK MEASURES

Example Measures Sensitivity Cost/Effort Diagnosticity
Requirements

Airspeed Deviation Low/High | Low Cost Low
Moderate Effort

Altitude Deviation Low/High Low Cost Low
Moderate Effort

Bank Angle Deviation | Low/High | Low Cost Low
Moderate Effort

Control Reversals Low/High Low Cost Low
Moderate Effort

Lateral Deviation Low/High | Low Cost Low
Moderate Effort

Pitch Rate Low/High Low Cost Low
Moderate Effort

Roll Rate Low/High Low Cost Low
Moderate Effort

Yaw Rate Low/High Low Cost Low
Moderate Effort

(Source: Lysaght et al., 1989)

A problemwi th secondary tasks is that they are often criticized for their intrusive
nature. For exanple, the Interval Production Task (IPT), requires the operator to
generate a series of regular tine intervals by executing a notor response (e.qg.
fingertapping). The irregularities in the tapping rate show workl oad | evel s,
measured by the performance on the primary task, are increasing. The artificiality
of sone of the secondary tasks, such as the “fingertappi ng” task, does not bode well
ina flight sinulation environment. |In operational settings, they may interfere
with primary tasks to the point of conpronmising flight safety. Therefore
“enbedded” secondary task nethodol ogy was devel oped to overcomne these shortconi ngs
(Shi ngl edecker and Crabtree, 1982). For exanple, existing system hardware on the
flightdeck, such as the radio control panel, or cockpit alerting systemcan be used
to generate tasks normal to everyday flight operations.

Many different tools exist, but those identified in table 4 (including the
“enbedded” secondary task) have appeared nost often in the literature and have been



proven successful in flight simulation environments. The references provided
earlier provide additional information on their use.
TABLE 4. SECONDARY TASK METHODOLOGIES
Secondary Task Measures | Sensitivity Cost/Effort Diagnosticity
Requirements
Choice-Reaction Time Moderate Moderate Cost | Moderate
Low Effort
Embedded Secondary High Low Cost Moderate/High
Task Low Effort
Mental Mathematics Moderate Moderate Cost | Moderate
Low Effort
Sternberg Memory Task Moderate Moderate Cost | Moderate
Low Effort
Time Estimation Moderate Moderate Cost | Moderate
Low Effort

(Source: Lysaght et al., 1989)

2.2.3 Physiological Measures.

Sone recent reviews of physiol ogical nmeasures (Lysaght et al., 1989; Kraner, 1991;
Cevins and Leong, 1992) uncovered a variety of different tools (table 5) that can be
used to assess variations in workload. The various tools can be classified into
three maj or categories, or physiological subsystens (1) eye rel ated neasures; (2)
brain rel ated neasures; and (3) heart related neasures. O her neasures, such as skin
and nuscle activity have al so been used. Table 6 provides the sensitivity,

di agnosticity, etc., of some of the mobst commonly used physi ol ogi cal measures.

TABLE 5. PHYSIOLOGICAL MEASURES OF WORKLOAD

Eye Related Measures Heart Related Measures
Blink Duration Electrocardiogram (EKG. ECG)
Blink Latency Heart Rate
Blink Rate Heart Rate Variability (HRV)
Endogenous Eyeblinks
Eye Movement Analysis
Pupil Diameter

Brain Related Measure

Other Common Measures

Electroencephal ographic Activity (EEG)
Event Related Potentials (ERP), or
Evoked Cortical Potentials (CEP)
Magnetoencephlographic Activity (MEG)
Positron Emission Tomography (PET)
Regional Cerebral Blood Flow (rCBF)

Blood Pressure
Blood Volume

Body Fluid Analysis

Critical Flicker Frequency (CFF)
Electrodermal Activity (EDA)
Electromyographic Activity (EMG)
Galvanic Skin Response

Muscle Potential

Respiration
Skin Potential
Speech Quality

A maj or drawback in the use of physiol ogical
expensive to inplement and require,

10

in sone cases,

nmeasures is that they are fairly
an expert physiologist for




i mpl erent ati on and analysis of the data. However, recent advances in physiol ogi ca
nmeasur enent technol ogy have afforded the common practitioner a nmeans in which to use
these various tools. Nonetheless, the various publications cited earlier provide an
expl anation of each of the tools.

TABLE 6. COMMON PHYSIOLOGICAL MEASURES JUDGED ON SEVERAL CRITERIA

Physiological Techniques | Sensitivity Cost/Effort Diagnosticity
Requirements

Blink Rate Low Moderate Cost Low
Moderate Effort

Body Fluid Analysis Low Low Cost Low
Low Effort

Evoked Potentials Moderate High Cost High
High Effort

Eye Movement Analysis/ High High Cost High

Scanning Behavior High Effort

Heart Rate Moderate Moderate Cost Moderate
Moderate Effort

Heart Rate Variability Moderate Moderate Cost Moderate
Moderate Effort

Pupil Diameter/Measures | Moderate High Cost Moderate
Moderate Effort

(Source: Lysaght et al., 1989)

Ceneral ly, success has been greatest with the use of eye and heart neasures in the
flight sinmulation environment than with brain electrical measures (Corwin et al.
1988; Vikmanis, 1989). Brain electrical neasures offer a detailed anal ysis of
operator workl oad and work best in well controlled | aboratory settings.

2.2.4 GUIDELINES IN WORKLOAD ASSESSMENT .

Thi s section summarizes in a convenient format guidelines which should be foll owed
when utilizing the various workload tools. The followi ng tables (tables 7 through
10) are separated by workl oad category and are conprised of information obtained
fromGCorwin et al.(1989) and Genell et al. (1991)
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TABLE 7. GUIDELINES FOR THE USE OF SUBJECTIVE WORKLOAD MEASURES

SUBJECTIVE MEASURES

- Pilots used for the workload assessment should be
diversions, etc.) during the evaluation flights.

- When using a subjective measure in-flight, the measure should not be
intrusive to the flight related tasks the crew member istrying to
accomplish.

- If paper and pencil ratings techniques are to be used inflight, one crew
member at atime should record their workload ratings so that the other
crew member may attend to flightdeck duties.

- The to-be-rated flight segment (beginning and end points) should be
clearly identified to the flight crew for the purpose of obtaining the data
for evaluation.

- When used, postflight subjective ratings should be collected from the
pilots as soon after the task is operationally feasible.

- To enhance postflight workload evaluation, videotape should be used
to aid the crew in recalling their subjective evaluations of crew
workload.

Advantages. High face validity
because they tap the subjective
experiences of the operator; low cost
and ease of implementation, lack of
implementation, lack of additional
equipment and/or extensive computer
programming requirements, lack of
intrusion on the primary task, high
level of operator acceptance.

Disadvantages: High level of
intersubject variability. May dissociate
(report contrasting results) with
performance measures of workload.
Therefore, suggest that neither
subjective nor performance measures be
used as the sole basis for assessing
operator workload.

TABLE 8. GUIDELINES FOR THE USE OF PRIMARY TASK WORKLOAD MEASURES

PRIMARY TASK MEASURES

- Control Input Activity should be evaluated only during manual flight
path control.

- When possible, state variables (e.g., pitch angle, roll angle, atitude)
should be recorded continuously in simulation tests.

- When possible, wheel (aileron) and stick (elevator) inputs should be
employed to represent aircraft control workload throughout the entire
flight of an aircraft under manual flightpath control.

- Pedal (rudder) activity is normally only representative of aircraft
control in the takeoff and approach/landing phase of the flight and
should be collected during these flight phases.

- The same flight scenario should be used when comparing workload
associated with two different cockpit configurations.

- A flight should be divided into segments for data collection so
descriptive statistics can be computed on the continuous measures within
each segment.

Advantages: Provides a direction
indication of total system or subsystem
performance while accounting for the
operator in the loop.

Disadvantages: Very task and situation
dependent and therefore are not readily
transferred across different tasks or
scenarios. As aresult, primary task
measures must be carefully selected for
each application. Primary task
measures do not necessarily provide an
indication of an operator’s spare or
“residual” capacity. For example, while
two individuals may exhibit equivalent
performance, one may be incapable of
meeting additional task demands,

while the other may possess the spare
resources necessary to meet increased task
demands or to perform additional tasks.
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TABLE 9. GUIDELINES FOR THE USE OF SECONDARY TASK WORKLOAD MEASURES
SECONDARY TASK MEASURES:

- When used, secondary tasks should be embedded in the flight Advantages: Unlike primary task measures,
task so as to be as non-intrusive as possible. secondary measures offer the advantage of
providing an indication of the operator’s

- Embedded secondary tasks should not appear artificial to the residual resources. Since the secondary tasks
operator so as to maintain operator acceptance and face validity. themselves are not directly linked to the primary
task, they are generally transferable among
different task scenarios

- Secondary tasks are most effectively implemented in a
simulation environment, where air safety is not a concern and
control of the environment is possible.

Disadvantages: May artificially impact or

- Secondary task techniques should be avoided when intrusion intrude on primary task performance (and in
will serve as a source of interference for the primary workload some cases operator safety), and they are often
measures. times met will low acceptance by the operator.

TABLE 10. GUIDELINES FOR THE USE OF PHYSIOLOGICAL WORKLOAD MEASURES

PHYSIOLOGICAL MEASURES

- Data collected with physiological measures can be Advantages: Do not require overt
contaminated by physical movement. Sources of artifact should responses; well suited for tasks which
be controlled when evaluating the implementation of a are primarily cognitive in nature;
workload measure. record continuously throughout the

task; inherently multi dimensional.
- The data should be representative of the entire flight
segment being evaluated, so some sort of averaging should be
used with the flight segment.

- Care should be taken so that the flight crew is protected Disadvantages: High cost, expertise

from hazards, such as electrical shock. required for data collection and
interpretation; difficulty in excluding
artifacts.

- Care should be taken to assure that the physiological
assessment method appears non-career threatening to the crew
members it evaluates (e.g., data collected using physiological
measures should contain no diagnostic medical information).

2.3 SITUATIONAL AWARENESS.

The concept of situational awareness, or what operators know about their imediate
situation, has only been recently identified as a topic of theoretical interest and
devel opment within human factors (:Blanchard, 1993). Therefore, the nunber of
techniques or tools is small as conpared to, say, workload neasures. Although there
are not many tools, the framework or taxonony of techniques is simlar to that of
wor kl oad. Fracker (1991) proposed such a franmework which identifies three approaches
to situational awareness assessnent: Explicit Measures, Inplicit Measures, and

Subj ective Measures. Table 11 summarizes the tool s/techniques that fall within each

13




of these categories. Additional information on these neasures are provided in the
subsequent three sections.

TABLE 11. SITUATIONAL AWARENESS MEASUREMENT METHODS

Explicit Measures Implicit Measures Subjective Measures
SAGAT Signal Detection Theory Measures SART
Verbal Protocol Analysis | Secondary Task Measures SA-SWORD
MST

An explicit measure, the Situational Awareness d obal Assessnment Techni que ( SAGAT)
and a subjective neasure, the Situational Awareness Rating Technique (SART), are the
nost conmon and have been cited quite extensively in the human perfornance research
literature. Appendix A provides additional information on these two techniques.

2.3.1 Explicit Measures.

Explicit measures require subjects to self-report material in menory regarding
experi ences observed during a task. They differ fromsubjective ratings, in that,
pil ot subjects are not assigning a nunerical value to the content or quality of
their awareness. There are two types of explicit measures: retrospective recall and
concurrent menory probes. Retrospective nmeasures are used after a task or trial run
has been conpl eted; pilot subjects are asked to recall specific events, or the
number of times a specific event (e.g., threats, system nal functions) occurred. For
exanpl e, Kibbe (1988) had | aboratory subjects performa radar warning receiver (RAR
monitoring task. During the task, five different types of threats appeared on the
RWR several tines. Followi ng the task subjects were asked to recall and position
threat events along a tineline representing their flight path in addition to
estimating the nunber of tinmes each type of threat had occurred. Kibbe found that
the nore severe the threat, the nore accurate its recall

However, a problemw th retrospective neasures is that sonmetines pilots are
“forgetting” and therefore are unable to recall correct information. Wth the
concurrent, or menory probe nethod, the subject pilots are asked to recall specific
events near the time they occurred rather than afterwards. The SAGAT neasure

(Bol stad, 1991; Endsley, 1990; Endsley, 1988) nentioned earlier is an excellent
exanmpl e of a concurrent nenory probe technique; the sinulation is frozen at
specified tines and pilots are then asked to recall information

Sarter and Wods (1994) describe the use of a probe/concurrent technique in
assessing the quality of 20 airline pilots’ nmental nodels of the operation of the
Fl i ght Managerment System (FMS). Probe questions were presented during the
performance of a simulated flight in a Boeing 737-300 part-task trainer. Results
i ndicated that nmost of the difficulties in pilot interaction with automation is
related to the | ack of nbde awareness.

Sul I'ivan and Bl ackman (1991) describe the use of verbal protocol analysis for the
assessnent of situational awareness. Wth verbal protocol analysis techniques,
pilots are asked to verbalize their thought content while executing a mssion. Mre
experienced pilots are thought to have nore information stored in |ong-term menory
stores, and therefore would require | ess verbalization of thought content (see
section 4. Flightcrew Data Requirenents, on definition of an experienced pilot).

2.3.2 Implicit Measures.

The goal of inplicit nmeasures is to derive nmeasures of situational awareness
directly fromtask performance rather than rely on pilot self-reporting techniques
as is done with explicit type measurenment techniques. The nost straightforward
approach in obtaining an inplicit metric of situation awareness is to use signa
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detection theory neasurenent methods and techni ques. For exanple, a subject pilot

m ght be asked to report whether they detect a Data Link aural alert (a hit) within
a high workl oad term nal environnment, or not (mss). To account for all possible
alternatives, an indication or neasure of false alarnms (responding as if they heard
an alert when it did not actually go off) and correct negatives (not respondi ng when
an alert did not go off) are also recorded. This nethod could be used, for exanple,
to identify which of two possible Data Link alerting schemes woul d provide better

per f or mance.

Table 12 is a schematic representati on of the four possible outconmes that can occur
the outcones are representative of those collected/ measured in a classic signa
detection experinent (Coren et al., 1984). This type of nethod has been used quite
extensively in the military, specifically in the detection of eneny threats and
weapons managenent .

TABLE 12. OUTCOMES OF A SIGNAL DETECTION EXPERIMENT

Response
Si gnal Yes No
Present Hit Miss
Absent False Alarm Correct Negative

Target events (Data Link alerts, eneny threats, etc.,) can be tailored to match the
obj ectives of any study, provided they conformto the follow ng three objectives (1)
target events as well as the responses nmust be unamnbi guously defined so that the
presence and absence of both are clear and countable, (2) the sets of events and
responses nust be finite, and (3) only one response is unique to any one target
event.

Hahn and Hansman (1992), for exanple, designed an inplicit measure of situationa
awareness as the ability of pilot subjects to detect erroneous clearances. The
study was designed to determine therelationship of situational awareness to

aut omat ed FMS progranmi ng of Data Linked cl earances and the readback of ATC
clearances. The results indicated that the error detection performance (measure of
situational awareness) and pilot preference results indicate that autonated
programm ng of the FMS may be superior to manual progranm ng

The secondary task approach to deriving workl oad neasures can al so be used to derive
situational awareness nmeasures. Pilot performance tasks that contribute to overal
pil ot situational awareness can be indirectly measured through the perfornmance
observed on secondary task nmeasures. The same tools and techniques identified
earlier for secondary task workl oad nmet hods can be adopted and used to identify
situational awareness performance. As in workload nmeasures, the secondary task
shoul d be constructed so as not to interfere with the pilots primary task. This
will ensure that any effects observed will be solely due to the perfornmance of the
primary task. Wen using inplicit measures, it is good practice to utilize SMES in
sel ecting pilot performance tasks which are indicative of high situationa

awar eness.

2.3.3 Subjective Rating Measures.

As in workload, the nost popul ar of situational awareness type ratings is the
subjective rating scale. Subjective scales can either be direct or conparative. In
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direct ratings, pilots assign a nunerical value to their situational awareness in
any one flight (or flight segment). A “Likert” scale is used whereby pilot subjects
are asked to assign values on a discrete, integer-based scal e having an odd nunber
of discrete options and consisting of a range generally from1l to 5, fromstrongly
di sagree to strongly agree, respectively (Stramer, 1993). Conparative ratings are
designed to evaluate a pilot’s situational awareness on one flight conpared to
another; a pilot would assign a value to the ratio of one to the other

The nost comon used subjective scales are direct rating scales. The SART scal e
(appendi x A), for exanple, has three different forns: 3-dinmensional, 10-di nmensiona
and overall. The scales were devel oped based on factors believed to be conponents
of high situational awareness. A concern with direct rating scales is that because
of differences in individual’'s perceived rating of situational awareness, they
general ly cannot be conpared across raters.

The comparative scales offer a way to control for subject variability by permtting
ratio scores as defined earlier. Fracker and Davis (1990) devel oped a conparative
scal e based on the Subjective Wrkl oad Dom nance Techni que (SWORD, appendi x A)
cal | ed SA- SWORD

A recent review by Metalis (1993) provides a review of research activities that
enpl oy various subjective techniques; one of these tools is the Mssion Simlation
Techni que (MST). The MST provides a statistically weighted neasure of situational
awar eness based on a battery of neasures, which include explicit, or probe, type
nmeasures and subjective techniques. Flying performance, captured through variations
in airspeed, is also factored in. The battery of neasures offers a gl oba

assessnent of situational awareness and is useful in evaluating, for exanple, a new
cockpit design concept (e.g., a new avionics display) against a standard

I n concl usion, the devel opnent of situational awareness tools and techniques is only
inits infancy and as such there are only a fewto choose from However, utilizing
t he basic framework as proposed by Fracker (1991), specialized probe questions and
events/targets to measure can be devel oped specific to individual research

obj ectives; that is, the researcher is not confined to just known neasurenment tools
such as SART, SAGAT, SA-SWORD, etc. Vidulich et al., (1994) provides an annot at ed
bi bl i ography of over 200 papers that can be useful in investigating concepts and
devel opment of specialized situational awareness netrics and tools.

2.4 VIGILANCE.

The ability of flightcrews to maintain a constant focus of attention is a grow ng
problemin today’ s advanced aircraft because of the increased |evels of automation
whi ch shift flightcrews into a supervisory role fromthe active, manual role of the
past. An assessnment of recent reviews of the vigilance literature (see et al.

1994; Warm 1993) and personal contacts with | eading experts has resulted in a
state-of -the-art database of information

It was | earned, however, that nost vigilance research has been conducted in a
strictly controlled | aboratory environnent in contrast to the operational research
envi ronment common to flight managenent (FM research. There appears to be no
docunent ed vi gi |l ance assessnent tools for the flightdeck research environnment beyond
direct observation methods, reaction tine to respond to alarns/alerts, quality of
deci sion making, etc. Two reasons for this deficiency have been cited in the
literature. First, nost vigilance tasks and associ ated assessnent techni ques that
are inplenented in the |l aboratory setting require stinulus event rates (nunber of

al arnms/ signals per hour, etc.,) that would exceed those in a typical flight
simulation environment. Stram er (1993) defines a vigilance type task to be

A state in which an individual sustains a high level of attention in an attenpt
to detect a signal, a change in a signal, or a particular activity.

Secondly, in order for researchers to discover subtle changes in pilot behaviora
effects, they need to mnimze the nunber of concurrent operator tasks. 1In a
multitask flight simulation environment, it would be difficult to pinpoint causa
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effects due to uncontrol |l ed or extraneous variables. As a result, the experinments
are typically not representative of real-life tasks, |et al one aviation-type tasks.

Those experinents which are representative are usually conducted during actua
inflight operational settings. For exanple, Cabon et al., (1991), conducted a
recent study in collaboration with Airbus Industrie to identify factors which can
nmodi fy a flightcrews vigilance and performance during |ong-haul flights. They
utilized a battery of physiological data (EKG heart rate, and nmotor activity) and
direct observation of aircrew tasks. Results revealed that generally |ow vigilance
phases are identified around 30 minutes after takeoff, at the beginning of the

crui se phase of flight, and during periods of |ow comunication. A total of 43 of
50 planned flights were studied. Flights were achieved on different kinds of

pl anes, including, the Airbus A320 and Boei ng 747-400 and Dougl as DC10.

Because of resources and the amount of cost involved, conducting inflight
experinents is not always available to the everyday practitioner. Based on this
assunption, one could also argue that this may also contribute to the | ow nunber of
vi gi l ance experiments conducted in operational settings. Gven the |ack of
available tools in the aviation simulation setting, the rest of this section wll
enphasi s some significant advancenents in the area of vigilance research that
deserve nentioning

It has been stated (Denber and Warm 1979; Parasuraman, 1984) perfornmance decrenents
observed during vigilance tasks are characteristic of operator underload conditions,
or periods of |ow workload. However, a nunber of nore recent published works (Warm
et al., 1991; Becker et al., 1991 and 1992; Scerbo et al., 1992) have reexanined the
effect that vigilance type tasks have on the human operator. Warmet al., (1991)
provides the follow ng discussion on the relation of vigilance and workl oad

Vi gil ance tasks do not represent underload situations. Instead, the cost of
nmental operations in vigilance is substantial, with mental demand and frustration
the primary contributors. Recognition of the workload characteristics of

vigil ance tasks may be hel pful in understanding both vigilance performance and
the stress associated with the need to sustain attention for |ong periods of

tine.

In the Warm Becker and Scerbo studies, workload ratings were obtained in
nonavi ati on type | aboratory tasks with the NASA-TLX subjective workl oad rating scal e
(appendi x A). The results of their studies have inplications in the aviation

envi ronment. For exanpl e, reducing workl oad through automation, and therefore
increasing the pilot’s nonitoring | oad may be counterproductive; it could be

i ncreasi ng wor kl oad—ot reducing it.

Vi gil ance research has al so shown that notivation (Denber et al., 1992) plays a
major role in the ability of operators to performwell in vigilance type tasks
(rmonitoring of automation, etc.,). A notivational variable, choice, allows the
operator to select anong different opportunities for action. |In a practical sense

a flightcrew that had a choice in what operations were manual versus automated woul d
have a counterneasure to nonitoring inefficiency (Parasuraman et al., 1994). 1In a

dynami ¢ automation environment, flightcrews would be nore closely coupled to the
system and woul d detect mal functions/failures at a higher rate than with a constant,
or static automation system The ability of the flightcrewto tailor automation to
specific needs is known as “adaptive automation.” Morrison and d uckman (1994) and
Scerbo (1994) discuss recent concepts of adaptive automation that should be
considered. Both articles provide discussion on a general framework for

i mpl ementing adaptive automation concepts and address research based principles and
guidelines for its use

In addition to Scerbo (1994), two other recent published works on adaptive

aut omati on, such as Ml |l oy and Parasuranman’s (1992) and Singh's et al., (1993),
provi de references to tools which may be applicable to vigilance research. In al
three articles, nonitoring of failures was recorded in a crude flight-simulation
task, a revised version of the Milti Attribute Task (MAT) Battery, devel oped by
Const ock and Arnegard (1992). The MAT is a multitask flight simulation package
conpri si ng conponent tasks of tracking, systemnonitoring, fuel nmanagenent,
conmuni cations, and scheduling, each of which can be performed manual |y or under
automation control. The MAT techni que can be used to evaluate the effects of
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various automation strategies on pilot’'s decision making and system nonitoring
capabilities. |In addition to evaluating nonitoring performance, Singh et al.
(1993), measured operator individual differences with the Conpl acency Potentia
Rating Scal e (CPRS) developed in an earlier study (Singh et al., 1992). The CPRS
subj ective rating scal e measures operator conplacency on four conpl acency-rel ated
di nensions: trust, confidence, reliance, and safety.

In summary, vigilance related research is typically reserved for the part-task

| aboratory environnent. Rel ated research disciplines, such as workl oad and adaptive
aut omati on, have yielded tools (e.g., MAT, CPRS, and NASA-TLX) that m ght prove

val uabl e as research tools in the evaluations of Data Link related automation
concept s.

3. STUDY CLASSIFICATIONS.

The second mai n objective of this research was to define how the nmeasurenent

techni ques/tools identified for workl oad, situational awareness and vigilance coul d
best be allocated to the FAA Technical Center’s pilot/crew perfornmance studies.

This section will be divided into two parts. The first part provides definitions of
the various study classifications, and the second part provides information on how
the various tools should be allocated to each study environnent.

3.1 DEFINITIONS OF STUDY CLASSIFICATIONS.

There are three nain types of study classifications envisioned to be used by the FAA
during the conduct of their pilot/crew performance studies: part-task, full-

m ssion, and end-to-end. Together, these classes represent the spectrum of

behavi oral test environments (excluding the operational flight test environment)
contained in a systens engi neering process to human performance assessnent

(Bl anchard and Fabrycky, 1990).

The maj or underlying difference between the types of studies is the |evel of
fidelity; as you move frompart-task to end-to-end type eval uations the |evel of
fidelity of the experinment, the cost and amount of time for preparation, and
associated risk are increasing. Figure 1 provides a graphic of this trend

‘Fidelity of Experiment

FIGURE 1. INCREASED COST, TIME AND RISK AS A LEVEL OF
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EXPERIMENT FIDELITY

The FAA has already in place various research testbeds, such as the RCS and the high
fidelity CSN. The CSN can be conprised of a nunber of external simulators

including the RCS, that can be renotely tied into the FAA s unique ATC sinulation
facilities. These test vehicles/platforms provide the capability to evaluate a
variety of cockpit control/display systeminterface, operational, procedural and
system | evel issues. The sections which follow define the characteristics of each
study cl ass.

3.1.1 Part-Task Environment.

Part-task studies are evaluations used to extract basic human behavi or performance.
Typi cal |y, nmockups or scal ed representations of the physical characteristics of
equi pnent and systens are used. A nockup is a tool to assist devel opment by
enhanci ng conceptual i zation of the human machine interface and to eval uate
functional, operational, and procedural issues. Furthernore, only a single
subsystem or conponent of the flightdeck is evaluated. For exanple, the nockup
could be as sinple as a two-di mensi onal cardboard representation of a control pane
| ayout, or as sophisticated as a conmputer representation of the subsystem
(ANSI / Al AA, 1992). The nost el aborate nockup woul d be, for exanple, the system
itself. Using the FM5 Control Display Unit (CDU), for exanple, one could eval uate
basic interface design issues; how the nenus could be formatted, how they coul d be
accessed, determine the types of errors made, and probl enms encountered by the
operator. A series of part-task studies may be required before optinal format
design is achieved or before the next |level of evaluation is desired

The sophistication |evel of the nmockup required depends on the particul ar human
behavi or of interest. For exanple, sinple interface characteristics such as col or
or font, may be eval uated on sinple paper nockups. Conversely, nore conplex issues
such as, location or reachability, may require a device such as the RCS. In

concl usi on, the nore el aborate the nockup or representation is, the higher the face
validity of the experinent.

3.1.2 Full Mission Simulations.

The full-mssion sinulation study is a |level of fidelity higher than part-task
studies, in that the focus is not on just one subsystem or conmponent on the
flightdeck; it is a nultitask environment. |In full-mssion studies, the
practitioner can assess conbi ned operational, procedural, and integration issues
that are not of interest, collectively, in part-task evaluations. The interaction
of systens, the interaction and comunication of flightcrews is nore realistic
Studies can be tailored towards specific flight regimes, such as |anding, takeoff or
crui se, and/or the transitions between these environnents. ATC functions do not
need to be el aborate; the focus is on the flightdeck and the behavi ors and
performance of the flightcrew Depending on what is being eval uated, ATC functions
may not be necessary at all. Wen conducting Data Link studies sone formof ATC
representation needs to be included. However, a full-mission study does not require
a high fidelity simulation testbed such as the FAA's ATC simul ati on network. High
fidelity ATC sinmulation is reserved for end-to-end sinulations which is discussed in
the next section

3.1.3 End-to-End Simulations.

Short of an actual flight test, an end-to-end simulation attenpts to identify
operational readiness of a proposed system An end-to-end eval uation involves
realistic and el aborate simnulations of both ground and airborne operations and is
used to investigate pilot and controller interactions in a fully scripted
operational scenario. The fidelity of the simulation allows investigation of
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operational, procedural, and integration issues froma system point of view not
necessarily just fromthe cockpit perspective.

3.2 MEASUREMENT BY STUDY CLASSIFICATION.

The task of selecting an appropriate and practical measure for a particul ar study
classification can be a difficult task. First and forempst, proper allocation

requi res know edge about the specific objectives of the test, that is, what specific
human behavior is of interest. For exanple, if situational awareness measures are
desired, proper allocation requires knowing the linmtations and constraints of the
test environnent; if a simulator does not have “freeze” capability, then the class
of explicit/probe situational awareness techniques (e.g., SAGAT) woul d not be
possi bl e.

Secondly, based on the discussion on vigilance, it was found that vigilance nmeasures
are geared towards part-task | aboratory environments, with exception to the
operational inflight test environment. However, it was concluded that tools from
related disciplines (e.g., adaptive automation, conplacency, workload) may be
usef ul .

Third, there is also the subject of cost. Physiological measures of workload, for
exanpl e, require specialized equiprent that may not be available. [Inplenenting the
nmeasures and anal yzing the data may require an expert; obtaining such an expert nay
not be cost effective.

A fourth factor to consider, for exanple, is operational realism End-to-end

simul ations, for exanple, are the highest fidelity study types; a nmeasure that is
intrusive or requires artificial neasurenent techni ques such as a secondary task
(e.qg., fingertapping) would interfere with the pilot’s flying task. Enbedded
secondary measures that use existing piloting type tasks would be the proper choice

The af orenentioned exanples are only a few of the questions that m ght be considered
in choosing an appropriate neasure. To help sinplify the conplexities involved, two
approaches are recommended and outlined. First, the information sumarized in table
13 provides in convenient matrix formguidelines to follow in choosing a broad cl ass
of measures for the study classifications identified. Al though no specific tools
are mentioned in table 13, the guidelines should help in identifying if a particular
cl ass of workload, situational awareness and vigilance nmeasures is appropriate. The
gui delines are derived from know edge obtai ned t hrough review of the human
performance literature and contacts with SMEs in the field. Note the caveats
provided in table 13.

TABLE 13. MATRIX OF HUMAN PERFORMANCE MEASURES BY STUDY
CLASSIFICATION

Human Performance Part-Task Full Mission End-to-End

Measure Environment Simulation Simulation

Workload
Subjective X! X X
Primary Task X X X
Secondary Task X X X2
Physiological X X

Situational Awareness
Explicit X3 X X
Implicit X X X
Subjective X! X X

Vigilance X X4 X4

! Limited on Generalizability of Results
2 Enbedded Secondary Task Only
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% 3-dimensional nockup (e.g., RCS) or part-task trainer required
4 Extensive Resource Conmitnent Required. Simulation Time is Excessive

A second approach would be to utilize avail abl e expert systems. Recent advances in
expert systens allow a user to interact with mcroconputer based applications in

sel ecting appropriate assessnment techniques. Two tools, the Operator Wrkl oad

Knowl edge- based Expert System Tool (OANKNEST, Hill and Harris, 1990) and the
Wor kl oad Consultant for Field Evaluations (WC FI ELDE, Casper et al., 1987) have been
wi dely used in research and can be used. WC FIELDE is currently a tool avail able
from CSERI AC S product and services line. Al though, ONMKNEST and WC FI ELDE are
designed to assist in deternmining an appropriate workload techni que, the questions
whi ch are asked may determine, for exanple, the use of a post-test subjective
situational awareness tool as opposed to a concurrent (during sinulation) probe type
technique. No expert tools for situational awareness or vigilance type nmeasures
were discovered in the literature

Tabl e 14 shows some exanpl e questions (11 total) which were extracted from 23
guestions that formed the basis of the ONMKNEST expert systemtool devel oprent
program (Lysaght et al., 1989). Those selected were determined to be relevant to
“operator-in-the-1oop” evaluations. Note also in table 14 that a description is
al so provi ded of the reason why the questions are asked. Simlar questions are
contained in the WC FI ELDE expert systemt ool
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TABLE 14. SOME QUESTIONS TO CONSIDER IN SELECTING AN APPROPRIATE

WORKLOAD MEASURE

Question that may be asked

Reason for the question

1. What is the time frame in which the workload analysis
must be complete?

Determine the impact of the analysis time frame on
techniques selected, e.q., if timeis short use subjective
techniques.

2. What computer software facilities are available?

If no software exists, then use pencil and paper
subjective techniques.

3. What sort of laboratory facilities are available for
empirical work?

Some empirical techniques require specialized
facilities or equipment. Primary and secondary
techniques may require equipment to present tasks
and record responses. Subjective techniques may use
computers or paper and pencil. Physiological
techniques may require equipment, such as sensors, to
record physical responses.

4. What staff support is available either in house or
through another organization?

It is necessary to have the expertise (or the expert)
available on various topics.

5. How much staff or manpower is available to do the
workload analysis?

Certain empirical techniques are very labor intensive.
Certain techniques are more flexible than othersin
terms of manpower reguirements.

6. Why isworkload assessment being done?

The reason (e.g., comparison of two or more
candidate systems, examination of individual
differences) assessment is being done will influence
the types of techniques used

7. Isthis aderivative system or a brand new one?

If it is a derivative system then the system can
probably be tested in a generic simulator using the old
simulation model with mock-ups of the new operator
controls and procedures.

8. What are the primary measures of human performance
in the system?

Primary measures are time, accuracy (or error), both
time and accuracy. fine structure of behavior.

9. What operator performance characteristics are
relevant to the Particular man-machine system?

Categories of behavior expected to be influenced by the
man-machine system: Perceptual, Mediational
Communication, mediational or communication
processes

10. Can the operator be interrupted during a mission or
are there blocks of time during the mission in which the
operator can fill out forms.?

Subjective measures require some time for filling out
the rating forms. If the operator cannot be interrupted,
then it is better to video tape the session and have the
ratings completed later.

11. Doesthe operator have spare time to do other things
at various points in the mission?

Secondary tasks may be used if there is some spare
time.

(Source: Lysaght et al., 1989)

In conclusion, the two approaches identified can help in determ ning the nost
appropriate techniqgue. Wth regards to table 13 it appears that (except for a few
exceptions) any workl oad, situational awareness, and vigilance assessnent technique
can be enployed in any study class identified. However, practitioners must be
careful in interpreting data frompart-task sinulations; the nore artificial the
test environnent is the | ess anpbunt of confidence in generalizing the collected data
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to the real-world (Mtman et al., 1994b). Conversely, sacrificing neasurenent
control (part-task) in lieu of operational realism(end-to-end) can invite

addi tional problens, nanely, problens associated with the control of unwanted
unrealized variables that can affect your data. To this end, the solution would be
to utilize all types of study classifications in the research, design, and

eval uati on of aviation system concepts.

4. FLIGHTCREW DATA REQUIREMENTS.

The third main objective of this research was to determne a set of criteria or
guidelines in selecting pilot subjects for evaluation. A nunber of factors, such as
experience level, differences in type rating, nunber of flightcrews, etc., were
extracted fromthe literature and are reported in the following. Bulleted itens
refer to recormmended gui delines which are foll owed by supporting comments fromthe
research literature

Guidelines

St udi es which are conducted in a sinulator, such as a full-m ssion or end-to-
end eval uation, should enploy if possible current type rated pilots in the
aircraft being eval uated

However, because of cost and tinme constraints, it may not be possible to obtain
current type rated pilots in that aircraft. |In this case, personnel that are
essentially equivalent in ternms of training and skill level should be used
(ANSI/ Al AA, 1992). If this should fail, then consider restructuring the tasks to be
nmeasur ed, such that special experience or particular pilot attributes are not
required

If the focus is on a particular type subsystem or display, then experience
with that systemwoul d prove beneficial

However, sone concerns have been expressed with regards to use of only highly

trai ned or experienced subjects, in the evaluations of new and/ or prototype display
systens. These users may experience little or no problens with the system and
therefore results woul d not be indicative or representative of how the systemreally
is. Jorna, 1992, reports that using newy trained subjects or |ess-experienced
pilots in evaluating prototype systens may be better because they are relatively
free of experience biases.

Fracker, 1991, points out that “if experienced or only partially trained operators
are included in a study, the correlation between nmeasured ‘situational awareness

and the criterion may appear |ow for reasons that have nothing to do with the
Situational Awareness (SA) netric itself.” Therefore, the best solution is to use a
broad | evel of experience levels, both highly trained (e.g., conmputer smart) and

nai ve users. However, at the end of the study, a differential analysis of the two
groups mght prove useful

Based on the review of the literature, it was never explicitly stated what anount of
flight hours denotes an “experienced” pilot versus a “nonexperienced” pilot. For
practical considerations, and for use as a general guideline, CSER AC recomrends at
| east 1000 hours flight time. This is only a general guideline and as such ot her
factors may need to be considered, for exanple, specific equiprment time, captain
versus first-officer tine, individual aircraft tine, etc

Subjects that are type rated in the sane aircraft, but represent different
airlines, is acceptable

The above guideline depends in part on the degree of difference between two
conpany’s aircraft configurations and the specific conponent(s) being studied. |If
nore than one conponent is being neasured, than the differences between two aircraft
configurations is nmore inportant. For exanple, one airline mght exercise automation
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level s at a higher rate than others. |n any case, some investigation into airline
procedures prior to the test would prove useful. Prior to a study conducted by
Battiste and Bortolussi (1988), difference training was conducted to acquai nt 19
airline captains with a Delta configured Boeing 727. The nunber of hours required
for difference training varied from2 to 4 hours and continued until all subjects
were at a common | evel of awareness. |f the required anpbunt of training exceeds
time and budget constraints, then perhaps pilots fromthe sane conpany shoul d be
used.

More than one crew i s necessary in any eval uation

It is not acceptable to have only one crew as test subjects. This is because a
single crew may, for unknown reasons, have certain peculiarities that judge the
desi gn atypical (ANSI/AI AA, 1992). An absolute minimum of two crews i s necessary,
and nore than two are desirable, especially when evaluating designs in an
operational setting

General Comments

A review of the literature did not uncover any guidelines on the issues of age and
gender. In both cases, consideration should be given to the anmount of experience
only and to what type of aircraft, subsystens, etc., they have experience with
However, a point worth mentioning is that in linmted observation and di scussion

ol der pilots tend to not accept new technol ogy as do younger pilots. Based on this
notion, the selection of pilot subjects should represent pilots of all ages and
different training enphasized

Dependi ng on pil ot experience |l evels and associations with different airlines, a
sufficient anpbunt of training may be conducted prior to a study or evaluation. The
trai ning or shakedown phase serves two purposes (1) it ensures that all study
participants are trained in a simlar way and up to a certain level, and (2) it

provi des i medi ate feedback to the practitioner whether a certain subject would
gqualify as a test participant in subsequent data collection exercises. In human
factors performance research pilots nust be trained to a point where there is little
continued inprovenent, or until an asynptotic |evel of performance is achieved
(ANSI / Al AA, 1992).

To conclude, a recent historical review of the human factors literature (Mroney and
Rei si ng, 1992) was conducted to assess various characteristics of subjects enpl oyed
in human factors experinments. The results reveal ed that approximately 41 percent of
the articles provided i nadequate detail on how experinmental subjects were sel ected
It would appear that this is an inadequacy in the human factors research industry.

As a way to build upon the set of flightcrew data requirenments and gui deli nes,
CSERI AC wi I | establish a database of pilot subject characteristics. The database
wi Il contain subject characteristics of pilot/crew personnel used in past and future
data link systemstudies. Correlations between subject characteristics and

per f ormance, workl oad, situational awareness, etc., will be drawn where possible and
justifiable. Additionally, any interesting facts or observations will also be

recor ded

5.  SUMMARY.

To sunmarize, an extensive literature search utilizing CSERI AC i n-house and | oca
capabilities was conducted to determ ne state-of-the-art human performance neasures
in the area of workload, situational awareness, and vigilance. Having obtained
various tools, guidelines were then created to deternmine (1) how these tools should
be allocated to study classifications envisioned to be used by the FAA and (2) what
pil ot subject characteristics should be considered prior to conducting an

eval uati on

As a result of this effort, over 190 references and over 10 personal contacts with
experts in the field were made. At |east two docunents deserve special nentioning
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as they were cited frequently in the handbook. They were (1) Operator Wrkl oad
Conpr ehensi ve Revi ew and Eval uation of Operator Wrkl oad Methodol ogi es (Lysaght, et
al., 1989), and (2) Guide to Human Performance Measurenents (ANSI/AlI AA, 1992)

As expected, it was found that nore tool s/techni ques exist for workload neasures as
opposed to the other human performance neasures revi ewed. However, it was reveal ed
that a few workl oad techni ques (SWORD, NASA- TLX enbedded secondary task, etc.,) are
adapt abl e to both situational awareness and vigilance studies. Furthernore, related
di sci plines, such as adaptive automati on and conpl acency, uncovered tools (e.g.

MAT, CPRS) that can al so be adapted to FAA human factors Data Li nk research.

Conti nued awareness with regards to these disciplines will be enphasized and any new
devel opments will be noted

Future reconmendations are to continue updating this handbook as new tool s and
t echni ques becone avail able, especially in the area of situational awareness and
vigilance. Both areas are topics which are recently receiving the nost attention

To concl ude, the database of pilot subject selection criteria will be maintained as
an active database; results, ideas, etc., fromfuture FAA Data Li nk hunan factors
research will be recorded. The network of human perfornmance experts in the field
wi Il be strengthened through continued conversations, visits, and associ ations at
various neetings and synposi a.
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7. LIST OF ABBREVIATIONS.

AFB Air Force Base

AHP Anal yti cal Hi erarchy Process

Al AA Anerican Institute of Aeronautics and
Astronautics

ANSI Anerican National Standards Institute

ATC Air Traffic Control

CDhU Control Display Unit

CEP Evoked Cortical Potentials

CFF Critical Flicker Frequency

CPRS Conpl acency Potential Rating Scal e

CSERI AC Crew System Ergonom cs Informatin Anal ysis Center

CSN Cockpit Simul ator Network

DCD Depart nent of Defense

DOTr Departnent of Transportation

DTIC Def ense Techni cal Information Center

ECG El ect rocar di ogram

EDA El ectrodermal Activity

EEG El ect r oencephal ographic Activity

EKG El ect rocar di ogram

EMG El ect ronyographic Activity

ERP Event Rel ated Potentials

FAA Federal Avi ation Adm nistration

FMS FI i ght Managenment System

FOM Figure-OF-Merit

HRV Heart Rate Variability

I LS I nstrunent Landi ng System

| PT Interval Production Task

MAT Mul ti-Attribute Task Battery

MVEG Magnet oencephl ographic Activity

NASA Nati onal Aeronautics and Space Adm nistration

NASA- TLX NASA Task Load | ndex

NTI' S Nati onal Technical |nformation Service

NTTC Nati onal Technol ogy Transfer Center
ORTA O fice of Research and Technol ogy Assessnent

ow Overal | Workl oad

ONLKNEST Oper at or Wor kl oad Know edge- Based Expert System Tool

PET Posi tron Em ssion Tonography

POSVWAT Pilot CObjective/ Subjective Wrkl oad Assessnent
Techni que

PSE Pil ot Subjective Eval uation

RCBF Regi onal Cerebral Bl ood Fl ow

RCS Reconfi gurabl e Cockpit System

RWR Radar Warni ng Recei ver

SA Si tuati onal Awareness

SAGAT Situati onal Awareness d obal Assessnent Techni que

SART Si tuati onal Awareness Rating Techni que

SMVE Subj ect Matter Expert

SWAT Subj ective Workl oad Assessnent Techni que

SWORD Subj ective Workl oad Dom nance Techni que

TG Target Ceneration Facility

TPM Techni cal Program Manager
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VTCL Vertical Takeoff and Landing
WC FELDE Wor kl oad Consultant for Field Eval uati ons

WCVTE Wor kl oad/ Conpensati on/ I nterference/ Techni cal
Ef f ecti veness
WPAFB Wi ght-Patterson Air Force Base
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APPENDIX A. DESCRIPTION OF MEASUREMENT TOOLS AND TECHNIQUES

TABLE OF CONTENTS

SUBJECTIVE WORKLOAD ASSESSMENT TECHNIQUES

Analytical HIErarchy PrOCESS ........cuiiiiiiiiieiiie ittt A-3
Bedford WOorkload SCale..........oouiiiiiiiiieiie e A-5
Cooper-Harper Rating SCale...........ooiuiiiiiiiii e A-7
CrEW SEATUS SUINVEBY ...eiiiiiii ittt ettt e e e e e e e e et e e e e e e s e bbb e e e e e e e s enranees ,.A-8
Dynamic WOorkIoad SCale...........ccuuviiiiiiii i A-10
Equal-Appearing INTEIVAIS ..........oooiiiiii e A-11
Flight Workload QUESTIONNAITE. ..........ciiiiiieiiiiie et sraee e A-12
Hart and Hauser Rating SCAle............ocoiiiiiiiiiii e A-13
Honeywell Cooper-HarperRating Scale...........cocoiiiiieiiiiiiciiic e A-14
Magnitude ESTIMALION .......cooiiiiiiiiiiiiic i A-15
Modified Cooper-HarperRating SCale............cooiuiiiiiiiiiiiie e A-16
NASA Bipolar RatiNg SCAlE ........cooiviiiiiiiiiicee e A-18
NASA TaSK LOAA INUEX......uiiiiiieiiiie ettt A-20
Overall Workload SCale...........coouiiiiiiiiiee e A-24
Pilot Objective/Subjective Workload Assessment Technique..........cccccccvevvivieiiiecniieee, A-25
Pilot Subjective EValUALION............ooiiiiiiiiic e A-26
Subjective Workload Assessment TEChNIQUE ........ccovvveiiiiiiiiiie e A-27
Subjective Workload Dominance TeChNIQUE..........cccccvveiieiiic i A-30
Workload/Compensation/Interference/Technical Effectiveness..........ccccccovvevveiicinnnne. A-31

SITUATIONAL AWARENESS ASSESSMENT TECHNIQUES

Crew SituationNal AWAIENESS. ........eiiiiie ettt sttt e e sreeeeneas A-32
Situational Awareness Global Assessment TEChNIQUE .........ccooceviiiiiiiiiiiie e A-33
Situational Awareness Rating TEChNIQUE ........coouvviiiiiiiiiiieeee e A-34
BIDHOGraPNY .. .. A-36

Caveat: The narrative descriptions provided for both the workload and situational tools are as
provided in the Guide to Human Performance Measurements, American National Standards
Institute (ANSI)/American Institute of Aeronautics and Astronautics (AIAA), 1992. Only those
tools considered to be valuable to the FAA planned data link human performance research

studies are contained in this appendix.
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Analytical Hierarchy Process

General description - The anal ytical hierarchy process (AHP) uses the nethod of

pai red conparisons to neasure workl oad. Specifically, subjects rate which of a pair
of conditions has the higher workl oad. Al conbinations of conditions nmust be
conpared. Therefore, if there are nconditions, the nunber of conmparisons is 0.5n(n-
1).

Strengths and limitations - Lidderdal e (1987) found hi gh consensus in the ratings of
both pilots and navigators for a lowlevel tactical mssion. Conplex nathematica
procedures nust be enployed (Lidderdale, 1987; Lidderdale and King, 1985; Saaty,
1980). Budescu, Zwi ck, and Rapoport (1986) provide critical value tables for
detecting inconsistent judgnents and subjects. Vidulich and Tsang (1987) concl uded
that AHP ratings were nore valid and reliable than either an overall workload rating
or NASA-TLX. Vidulich and Bortolussi (1988a) reported that AHP ratings were nore
sensitive to attention than secondary reaction tinmes. Vidulich and Tsang (1988)
reported high test/retest reliability.

Data requirements - Four steps are required to use the AHP. First, a set of
instructions nust be witten. A verbal review of the instructions shoul d be
conducted after the subjects have read the instructions to ensure their
under st andi ng of the task. Second, a set of evaluation sheets nmust be designed to
collect the subjects' data. An exanple is presented in Figure Al. Each sheet has the
two conditions to be conpared in separate columms, one on the right side ofthe page
t he ot her

WORKLOAD JUDGMENTS

VERY VERY
ABSOLUTE STRONG STRONG WEAK ~ EQUAL  WEAK  STRONG STRONG ABSCLUTE
I LS APPROACH I LS APPROACH

W TH HUO W THOUT HUD
Figure Al: AHP Rating Scale

on the left. A 17-point rating scale is placed between the two sets of conditions.
The scal e uses five descnptors in a pre-defined order and all ows a single point
bet ween each for mixed ratings (see Figure Al). Vidulich (1988) defined the scale
descriptors (see Table Al). Third, the date

Table Al: Definitions of AHP Scale Descriptors

EQUAL The two task combinations are absolutely equal in the amount of workload generated by the
simultaneous tasks.

WEAK Experience and judgment slightly suggest that one of the combinations of tasks has more
workload than the other.

STRONG Experience and judgment strongly suggest that one of the combinations has higher workload.
One task combination is strongly dominant in the amount of workload, and this dominance is

VERY STRONG clearly demonstrated in practice.
The evidence supporting the workload dominance of one task combination is the highest
ABSOLUTE possible order of affirmation (adapted from Vidulich, 1988,p.5).
A-3
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nmust be scored. The scores range from+ 8 (absolute dom nance of the
| eft-side condition over the right-side condition) to -8 (absolute
dom nance of the right-side condition over the left-side condition).
Finally, the scores are input, in matrix form into a conputer
program The output of this programis a scale weight for each
condition and three neasures of goodness of fit.

Thresholds - Not st at ed.
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Bedf ord Wor kl oad Scal e

General description - Roscoe (1984) described a nodification of the Cooper-Harper
scale created by trial and error with the help of test pilots at the Royal Aircraft
Est abl i shrnent at Bedford, England. The Bedford Wrkl oad Scal e retained the binary
decision tree and the four- and ten-rank ordinal structures of the Cooper-Harper
scal e (see Figure A2). The three-rank ordinal structure asked pilots to assess
whether: (1) it was possible to conplete the task, (2) the workl oad

DECISION TREE WORKLOAD DESCRIFTION RATING

WORKLOAD INSIGMIFICANT | WL 1

WORKLOAD LOW WLl

ENOUGH SPARE CAPACITY
FOR ALL DESIFABLE WL
ADDITIONAL TASKS

INEUFFICIENT SPARE
CAPACITY FOR EASY
ATTENTION TG WLe
ADDITIONAL TASKS

REDUCED SPARE CAPACTTY:
ADDITIONAL TASKS CANNOT WL
BE QIVEN THE DESIRED
AMOUNT OF ATTENTION

LITTLE SPARE CAPACITY:

LEVEL OF EFFORT ALLOWS |y 4
LITTLE ATTENTION TO

ADDITIONAL TASKS

WAS WORKLOAD SATI NO
WITHOWT REDUE%E:J%NHY

VERY LITTLE SPARE CAPACITY,

BUT MAINTENANCE OF EFFORT wLT

IN THE PRIMARY TASKS NOT
IN QUESTION

e
Ll A
GIFFICLLTY IN MAINTAINING | ™12
[EVEL OF EFFORT

EXTREMELY HIGH WORKLOAD,
NGO SPARE CAPACITY, SERIOUS

DOUBTS AS TO ABLITY 7O | W19

MAINTAIN LEVEL OF EFFCRT

WAS WORKLOAD TOLERAS NO
FOR THE TASK? hE

T T | | PEL R ¥ v ¥

WAS IT POSSIBLE TO NO TASK ABANOONED, PILOT
COMPLETE THE TASK? i UNABLE TO aPPLY WL 10
SUFFICIENT EFFORT

...... A7 Dadfacd TWackicad Pax

Figure A2 Bedford Wrliload Sc~le

A-5
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was tol erable, and (3) the workload was satisfactory w thout
reduction. The rating-scale end points were; workload insignificant
to task abandoned. In addition to the structure, the Cooper-Harper
(1969) definition of pilot workload was used: ". . . the integrated
mental and physical effort required to satisfy the perceived demands
of a specified fiight task." The concept of spare capacity was used
to help define |l evels of workl oad.

Strengths and limitations - The Bedford Wrkl oad Scal e was reported to
be wel coned by pilots. Roscoe (1984) reported that pilots found the
scale "easy to use without the need to always refer to the decision
tree." He also noted that it was necessary to accept ratings of 3.5
fromthe pilots. These statenents suggest that the pilots enphasized
the ten- rather than the four-rank, ordinal structure ofthe Bedford
Wr kl oad Scal e. Roscoe (1984) found that pilot workload ratings and
heart rates varied in simlar manners during cl ose-coupled inflight
maneuvers in a Bae 125 twin-jet aircraft. He felt that the heart-rate
i nformati on conpl enented and i ncreased the val ue of subjective
wor kl oad ratings. He also noted the | ack of absol ute workl oad

i nformati on provided by the Bedford Wrkl oad Scal e and by heart-rate
data Wai nwight (1987) used the scale during certification ofthe Bae
146 aircraft. Tsang and Johnson (1987) concluded that the Bedford
Scal e provided a good neasure of spare capacity. Roscoe (1987)
reported that the scale was well accepted by aircrews. Corw n,
Sandry- Garza, Bifenpo, Boucek, Logan, Jonsson, and Metalis (1989)
concl uded that the Bedford scale is a reliable and valid nmeasure of
wor kl oad based on flight sinulator data. Vidulich and Bortol ussi
(1988b) reported significant differences in Bedford ratings across
four flight segnments. However, the workload during hover was rated

| ess than that during hover with a sinultaneous conmuni cati on task.
Further, the scale was not sensitive to differences in contro
configurations nor conbat counterneasure conditions. Finally

Li dderdal e (1987) reported that post-flight ratings were very
difficult for aircrews to make.

Data requirements - Roscoe (1984) suggested the use of short, well-
defined flight tasks to enhance the reliability of subjective
wor kl oad ratings.

Thresholds - M nimumvalue is 1, maximmis 10.
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Cooper-Harper Rating Scale

General description - The Cooper-Harper Rating Scale is a decision tree
t hat uses adequacy for the task, aircraft characteristics, and
demands on the pilot to rate handling qualities of an aircraft (see

Fi gure A3).

Strengths and limitations - The Cooper-Harper Rating Scale is the
current standard for evaluating aircraft handling qualities. It
reflects differences in both performance and workload and is

behavi oral ly anchored. It requires mninmumtraining, and a briefing
gui de has been devel oped (see Cooper and Harper, 1969, pp. 34-39).
Cooper - Har per ratings have been sensitive to variations in controls,
di splays, and aircraft stability (Crabtree, 1975; Krebs and W ngert,
1976; Labacqz and Ai ken, 1975; and Schultz, Newell, and Wit beck,
1970). Conner and Werwille (1983) reported significant increases in
Cooper-Harper ratings as the levels of wind gust increased and/or as
the aircraft pitch stability decreased. Harper and Cooper (1984)
describe a series of evaluations of the rating scale.

Data requirements - The scal e provides ordi nal data that nust be

anal yzed accordi ngly. The Cooper-Harper scal e should be used for
wor kl oad assessnent only if handling difficulty is the major

det erm nant of workload. The task nust be fully defined for a conmon
ref erence.

Thresholds - Ratings vary from1l (excellent, highly desirable) to 10
(rmaj or deficiencies). Noninteger ratings are not allowed.

HANDLING QUALITIES RATING SCALE
[ Adililiis TF POS SELECTLE i o4 il DML O T PR 'l-lﬂ-\
W UMD T AL T - BT ] R TRm Y BATIe
[T — .
[P —————
pen g
ey e rp————
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P e ] = R
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Fi gure A3: Cooper-Harper Rating Scal e

Crew Status Survey
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General description - The original Crew Status Survey was devel oped by Pearson and
Byars (1956) and contained 20 statenents describing fatigue states. The staff of the
Air Force School of Aerospace Medicine Crew Performance Branch, principally Storm
Perelli, and Gray, updated the original survey. They selected the statenents
anchoring the points on the fatigue scale of the survey through iterative
presentations of drafts of the survey to aircrew nmenbers. The structure of the
fatigue scal e was sonewhat cunbersone, since the dinmensions of workload, tenpora
demand, system denand, system managenent, danger, and acceptability were conbi ned on
one scal e. However, the fatigue scale was sinple enough to be well received by
operational crews. The fatigue scale of the survey was shortened to seven statenents
and subsequently tested for sensitivity to fatigue as well as for test/retest
reliability (MIler and Narvaez, 1986). Finally, a seven-point workl oad scal e was
added. The current Crew Status Survey (see Figure A4) provides nmeasures of both
self-reported fatigue and workl oad as well as space for general comments. Ames and
Ceorge (1992) are nodifying the workl oad scale to enhance reliability. Their scale
descriptors are:

(1) Nothing to do; No system denmands

(2) Light activity; M ninum demands.

(3) Mdderate activity; Easily managed; Considerable spare tine.

(4) Busy, chall engi ng but manageabl e; Adequate tinme avail able

(5) Very busy, Denmanding to nanage; Barely enough time.

(6) Extrenely busy; Very difficult; Nonessential tasks postponed

(7) COverloaded; System unmanageabl e; |nportant tasks undone; unsafe. (p4).

Strengths and limitations - These scal es have been found to be sensitive to changes in
task demand and fatigue but are independent of each other (Courtright, Frankenfeld
and Roki cki, 1986). Stormand Parke (1987) used the Crew Status Survey to assess the
effects of temazepam on FB-11l A crewnenbers. The effect of the drug was not
significant. The effect of performing the mission was, however. Specifically, the
fatigue ratings were higher at the end than at the begi nning., of a mission. Gawr on,
et al. (1988) analyzed Crew Status Survey ratings nade at four tines during each
flight. They found a significant segnment effect on fatigue and workl oad. Fatigue
ratings increased over the course of the flight (preflight = 1.14, predrop = 1.47
postdrop = 1.43, and postflight = 1.56). Wrkload ratings were hi ghest around a
simulated air drop (preflight = 1.05, predrop = 2.86, postdrop = 2.52, and
postflight = 1.11). George, Nordeen, and Thurnmond (1991) collected workl oad ratings
from Conbat Talon Il aircrew menbers during arctic depl oyment. None of the median
ratings were greater than four. However, level 5 ratings occurred for navigators
during airdrops and sel f-contai ned approach run-ins. These authors al so used the
Crew Status Survey workload scale during terrain-following training flights on
Conbat Talon Il. Pilots and copilots gave a nedian rating of 7. The ratings were
used to identify major crewstation deficiencies. However, George and Hollis (1991)
reported confusion between

adj acent categories at the high workl oad end of the Crew Status
Survey. They al so found adequate ordi nal properties for the scale but
very large variance in nost order-of-nerit tables.
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NANVE DATE AND TI ME

SUBJECTI VE FATI QUE
(Circle the number of the statement which describes how you feel RIGHT NOW.)

1 Fully Alert Wde Awake: Extrenely Peppy

2 Verv Lively: Responsive, But Not At Peak

3 Ckay; Sonewhat Fresh

4 A Little Tired; Less Than Fresh

5 Moderateiy Tired: Let Down

6 Extrenely Tired; Very Difficult to Concentrate

7 Conpl et el y Exhausted: Unable to Function Effectively, Ready to Drop
COWENTS

WORKLOAD ESTI MATE
(Circle the number of the statement which best describes the MAXIMUM workload you experienced during
the past work period. Put an X over the number of the statement
which best describes the AVERAGE workload you experienced during the past work
period.)

Not hing to do; No System

Denmands Little to do; M ni num System Denands

Active I nvol venent Required, But Easy to Keep Up

Chal | engi ng, But Manageabl e

Extrenely Busy Barely Able to Keep Up

Too Much to do; Overl oaded: Postponi ng Some Tasks

~N| O O] B W N -

Unnanageabl e; Potenti al | y Dangerous: Unaccept abl e

COMMENTS

Figure A4: Crew Status Survey

Data requirements - Al though the Crew Status Survey is printed on card
stock subjects find it difficult to fill in the rating scale during
hi gh wor kl oad periods. Further, sorting (for exanple, by the tine
conpl eted) the conpleted card-stock ratings after the flight is also
difficult and not error free. A larger character-size version of the
survey has been included on flight cards at the Air Force Flight Test
Center. Verbal ratings pronpted by the experinenter work well if: (1)
subj ects can quickly scan a card-stock copy of the rating, scale to
verify the nmeaning of a rating and (2) subjects are not performng a
conflicting verbal task. Each scale can be used independently.

Thresholds - 1 to 7 for subjective fatigue; 1 to 7 for workload (see
Fi gure A4).
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Dynam ¢ Wor kl oad Scal e

General description - The Dynam c Wrkload Scale is a seven-point
wor kl oad scal e (see Figure A5) devel oped as a tool

certification.

for aircraft
It has been used extensively by Airbus Industries.

Wor kI oad Criteria
Assessnent Reserve Capacity I nterruptions Effort or Stress Appr eci ati on
Light Ample Very Acceptable
Moderato Adequate Some Well Acceptable
Fair Sufficient Recurring Not Undue Acceptable
High Reduced Repetitive Marked High but
Acceptable
Heavy Little Frequent Significant Just Acceptable
Extreme None Continuous Acute Not Acceptable
Continuously
Supreme Impairment Impairment Impairment Not Acceptable
Instantaneously

Fi gure A5: Dynam c Workl oad Scal e

Strengths and limitations - Speyer, Fort, Fouillot, and Bl oonberg
(1987) reported high concordance between pil ot and observer ratings
as well as sensitivity to worlcload increases.

Data requirements - Dynami ¢ Wrkl oad Scal e ratings nmust be given by
both a pilot and an observer-pilot. The pilot is cued to make a
rating; the observor gives a rating whenever workl oad changes or five
m nut es have passed.

maxi mum wor k|l oad.

Thresholds - Two i s m ni num wor k|l oad;

A-10
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Equal-Appearing Intervals

General description - Subjects rate the workload in one of several
categories using the assunption that each category is equidistant
from adj acent categori es.

Strengths and limitations - Hicks and Werwi |l e (1979) reported
sensitivity to task difficulty in a driving sinmulator. Msline (1986)
reported conparable results with the magnitude estinmates and SWAT
rati ngs but greater ease of adm nistration. Msline, however, warned
of rater bias.

Data requirements --Equal intervals nust be clearly defined.

Thresholds - Not stated

A1l
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FI i ght Workl oad Questionnaire

General description - The Flight Wrkload Questionnaire is a four-item
behavi oral ly anchored rating scale. The itens and the end points of
the rating scales are: workload category (lowto very high), fraction
of tinme busy (seldom have nuch to do to fully occupied at all tines),
how hard had to think (mnimal thinking to a great deal of thinking),
and how felt (relaxing to very stressful).

Strengths and limitations - The questionnaire is sensitive to
differences in experience and ability. For exanple, Stein (1984)
found significant differences in the flight workload ratings between
experienced and novice pilots. Specifically, experienced pilots rated
their workload during an air transport flight [ower than novice
pilots did. However, Stein also found great redundancy in the val ue
of the ratings given for the four questionnaire itens. This suggests
that the questionnaire may evoke a response bias. The questionnaire
provi des a neasure of overall workload but cannot differentiate
between flight segnents and/or events.

Data requirements - Not stated.

Thresholds - Not st at ed.

A-12

44



Hart and Hauser Rating Scal e

General description - Hart and Hauser (1987) used a six-itemrating
scal e (see Figure A6) to neasure workload during a nine-hour fiight.
The itens and their scales were: stress (conpletely relaxed to
extrenely tense), nmental/sensory effort (very lowto very high),
fatigue (w de awake to worn out), tine pressure (none to very
rushed), overall workload (very low to very high), and performance
(conpletely unsatisfactory to conpletely satisfactory). Subjects were
instructed to

mark the scale position that represented their experience.

Stress
Completely Relaxed Extrexemly Tense

Mental/Sensory Effort

Very Low Very High

Fatique

Wide Awake Worn Out

Time Pressure

None Very Rushed

Overall Workload

Very Low Very High

Performance

Completely Unsatisfactory Completely Satisfactory

Figure A6: Hart and Hauser Rating Scale

Strengths and limitations - The scal e was devel oped for use inflight.
In the initial study, Hart and Hauser (1987) asked subjects to

conpl ete the questionnaire at the end of each of seven flight
segnents. They reported significant segnent effects in the seven-hour
flight. Specifically, stress, nental/sensory effort, and tine
pressure were | owest during a data recording segnent. There was a
sharp increase in rated fatigue after the start of the data-recording
segnment. Overall workload was rated as higher by the aircraft
conmander than by the copilot. Fmally, performance received the sane
ratings throughout the flight.

Data requirements - The scale is sinple to use but requires a stiff
witing surface and mni mal turbul ence.

Thresholds - Not st at ed.
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Honeywell Cooper-Harper Rating Scale

General description - This rating scale (see Figure A7) uses a
deci sion-tree structure for assessing, overall task workl oad.

Strengths and limitations - The Honeywel | Cooper-Harper Rating Scal e
was devel oped by Wl f (1978) to assess overall task workload. North,
St ackhouse, and G affunder (1979) used the scale to assess workl oad
associ ated with various Vertical Take-Of and Landing (VTCL) aircraft
di spl ays. For the small subset of conditions anal yzed, the scale
ratings correlated well with performance.

Data requirements - Subj ects must answer three questions related to
task performance. The ratings are ordinal and nust be treated as such
i n subsequent anal yses.

Thresholds - Mnimumis 1, maxinmumis 9.
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Fi gure A7: Honeywel | Cooper-Harper Rating Scal e
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Magnitude Estimation

General description - Subjects are required to estimte workl oad
nunerically in relation to a standard.

Strengths and limitations - Borg (1978) successfully used this nethod
for eval uati ng workl oad. Hel mand Heinstra (1981) reported a high
correl ati on between workl oad estimates and task difficulty. Masline
(1986) reported sensitivity conparable to estimates fromthe equal -
appearing intervals nethod and SWAT. Gopher and Braune (1984),
however, found a | ow correl ati on between workl oad esti mates and
reaction-time performance. In contrast, Kraner, Sirevaag, and Braune
(1987) reported good correspondence to performance in a fixed-based
flight simulator. Hart and Stavel and (1988) suggest that the presence
of a standard enhances interrater reliability. O Donnell and
Eggenei er (1986), however, warned that subjects may be unable to
retain an accurate nmenory of the standard over the course of an
experinent.

Data requirements - A standard nust be well defined.

Thresholds - Not st at ed.
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Modified Cooper-Harper Rating Scale

General description - Werwille and Casali (1983) noted that the
Cooper - Har per scal e represented a conbi ned handl i ng-

qgual i ties/workload rating scale. They found that it was sensitive to
psychonot or dermands on an operator, especially for aircraft handling
qualities. They wanted to devel op an equally useful scale for the
estimati on of workload associated with cognitive functions, such as
"perception, nmonitoring, evaluation, comunications, and probl em
solving." The Cooper-Harper scale term nology was not suited to this
pur pose. A nodified Cooper-Harper rating scale (see Figure A8) was
devel oped to "increase the range of applicability to situations
commonly found in nodern systens."” Modifications included: (1)
changing the rating scale end points to very easy and inpossible,
asking the pilot to rate nental workload | evel rather than
controllability, and (3) enphasizing difficulty rather than
deficiencies. In addition, Werwille and Casali (1983) defined nenta
effort as "mnimal" in rating 1, while nmental effort is not defined

(2)

as mnimal until rating 3 in the original Cooper-Harper scale.
Furt her, adequate performance begins at rating 3 in the nodified
Cooper-Harper but at rating 5 in the original scale.
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Figure A8: Modified Cooper-Harper Rating Scal e
Strengths and limitations - | nvestigations were conducted to assess the

nodi fi ed Cooper - Har per scal e.
aircraft engine instruments out of

They focused on perception (e.qg.,
[imts during sinmulated
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flight), cognition (e.g., arithnetic problem solving during sinulated
flight), and comunications (e.g., detection of, conprehension of,
and response to own aircraft call sign during sinmulated flight).

The nodi fied Cooper-Harper is sensitive to various types of
wor kl oads. For exanple, Casali and Werwi |lle (1983) reported that
nodi fi ed Cooper-Harper ratings increased as the conmuni cation | oad
increased. Werwille, Rahim, and Casali (1985) reported significant
i ncrease in workload as navigation |oad increased. Casali and
Werwi|lle (1984) reported significant increases in ratings as the
nunber of danger conditions increased. Skipper, R eger, and Werwlle
(1986) reported significant increases in ratings in both high
conmuni cation and hi gh navigation | oads. Wl f (1978) reported the

hi ghest workload ratings in the highest workload flight condition
(i.e., high wind gust, and poor handling qualities). Bittner, Byers,

Hill, Zaklad, and Christ (1989) reported reliable differences between
m ssi on segnents in a nobile air defense system Byers, Bittner
Hill, Zaklad, and Christ (1988) reported reliable differences between

crew positions in a renotely-piloted vehicle system These results
suggested that the nodified Cooper-Harper scale is a valid,
statistically reliable indicator of overall nental workload. However,
it carries with it the underlying assunptions that high workload is
the only determ nant of the need for changing the control/display
configuration. Werwille, Casali, Connors, and Rahim (1985)

concl uded that the nodified Cooper-Harper Rating Scal e provided

consi stent and sensitive ratings of workload across a range of tasks.
Werw |l e, Skipper, and Rieger (1985) reported the best consistency
and sensitivity with the nodified Cooper-Harper fromfive
alternatives tests. Warr, Colle, and Reid (1986) reported that the
nodi fi ed Cooper-Harper Ratings were as sensitive to task difficulty
as SWAT ratings. Kilnmer, Knapp, Burdsal, Borresen, Bateman, and

Mal zahn (1988), however, reported that the nodified Cooper-Harper
rating scale was | ess sensitive than SWAT ratings to changes in
tracking, task difficulties. H I, lavecchia, Byers, Bittner, Zaklad,
and Christ (1992) reported that the nodified Cooper-Harper scale was
not as sensitive or as operator accepted as the NASA TLX or the
overal | workl oad scal e.

Data requirements - Werwi |l e and Casali (1983) recommend the use ofthe
nodi fi ed Cooper-Harper in experinents where overall nental workl oad
is to be assessed. They enphasi ze the inportance of proper
instructions to the subjects. Since the scale was designed for use in
experinmental situations, it may not be appropriate to situations

requi ring an absol ute di agnosis of a subsystem

Thresholds - Not st at ed.

A-17
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General description - The NASA Bipol ar Rating Scal e has ten subscal es. The titles,
endpoi nts, and descriptions of each scale are presented in Table A2; the scale

itself, in Figure A9.
zero (Hart, Battiste

If a scale is not relevant to a task, it is given a weight of
and Lester, 1984). A weighting, procedure is used to enhance

intrasubject reliability by 50 percent (MIler and Hart, 1984).

Strengths and limitations - The scale is sensitive to fiight difficulty. For exanple,

Bortol ussi, Kantow tz,

and Hart (1986) reported significant differences in the

bi pol ar ratings between an easy and a difficult flight scenario. Bortolussi, Hart,
and Shively (1987) and Kantowitz, Hart, Bortolussi, Shively, and Kantow tz (1984)

reported simlar

results.

However, Haworth, Bivens, and Shively (1986) reported

that, although the scale discrimnated control configurations in a single-pilot

configuration

it did not do so in a pilot/copilot configuration. Biferno (1985)

reported a correlation between workl oad and fatigue ratings for a | aboratory study.

Bortol ussi, Kantow tz,

and Hart (1986) and Bortolussi, Hart, and Shively (1987)

reported that the bipolar scales discrinminated two levels of difficulty in a notion-
based simulator task Vidulich and Pandit (1986) reported that the bipolar scales
discnrmnated levels of training in a category search task. Haworth, Bivens, and

Shively (1986)

SWAT ratings in a helicopter

1985b, 1985c)

had hi gher interrater

reported correlations of 0.79 with Cooper-Harper ratngs and 0.67 with
nap-of -the earth mission. Vidulich and Tsang, (1985a
reported that the NASA Bi pol ar Scal es were sensitive to task demand,
reliability than SWAT, and required less tine to conplete than

SWAT.
Table A2: NASA Bipolar Rating-Scale Definitions
TITLE ENDPO NTS DESCRI PTI ONS

Overal I Workl oad | ow hi gh The total workload associated with the task considering all sources and conponents.

Task Difficulty | ow hi gh Whet her the task was easy, demandi ng, si npl e or conpl ex, exacting or forgiving.

Time Pressure | ow hi gh The ampunt of pressure you felt due to the rate at which the task el ements occurred. Was the task
slow and leisurely or rapid and frantic

Per f or mance good/ poor How successful you think you were in doing wheat we asked you to do and how satisfied you were with
what you acconplished.

Ment al / Sensory/ Ef fort | ow hi gh The ampunt of mental and/or perceptual activity that was required (e.g., thinking,
deci di ng, cal cul ating, remenbering, |ooking, searching, etc.).

Physical Effort | ow hi gh The ampunt of physical activity that was required (e.g., pushing, pulling, turning, controlling,
activating, etc.).

Frustration Level Ful filled, How insecure, discourage, irritated, annoyed versus secure, gratified, content and conpl acent you

Stress Level

Fati gue

Activity Type

Exasper at ed

Rel axed, Tense

Exhausted, Alert

Skill based, Rule

based, Know edged

based

felt.

How anxi ous, worried, uptight, and harassed or calm tranquil, placid, and relaxed you felt.

How tired, weary, worn out, and exhausted or fresh, vigorous, and energetic you felt.

The degree to which the task required mndless reaction to well-learned routines or required the

application of know rules or required problem solving and deci sion making.
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Fi gure A9: NASA Bi pol ar Rating Scal e

Data requirements - The nunber of tinmes a dinmension is selected by a
subject is used to weight each scale. These weights are then
multiplied by the scale score, sumed, and divided by the tota

wei ght to obtain a workl oad score. The m ni nrum wor kl oad value is
zero; the nmaxi mum

100. The scal e provides a neasure of overall workload but is not
sensitive to short-termdemands. Further, the activity-type di nension
must be carefully explained to pilots before use in flight.

Thresholds - Not st at ed.
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NASA Task Load Index

General description - The NASA Task Load Index (TLX) is a multi-di mensiona

subj ective workload rating techni que (see Figure Al10). In TLX workl oad is defined as
the "cost incurred by human operators to achieve a specific |evel of performance.”
The subj ective experience of workload is defined as an integration of wei ghted

subj ective responses (enotional, cognitive, and physical) and wei ghted eval uation of
behavi ors. The behavi ors and subj ective responses, in turn, are driven by
perceptions of task demand. Task demands can be objectively quantified in terns of
magni t ude and i nportance. An experinentally based process of elimnation led to the
identification of six dinmensions for the subjective experience of workl oad: nenta
demand, physical demand, tenporal demand, perceived perforrnance, effort, and
frustration level. The rating-scale definitions are presented in Table A3.

Strengths and limitations - Sixteen investigations were carried out, establishing a
dat abase of 3461 entries from 247 subjects. Al dinensions were rated on bipol ar
scales ranging from1l to 100, anchored at each end with a single adjective. An
overal | workl oad rating was determ ned froma wei ghted conbi nati on of scores on the
si x di mensi ons. The weights were determined froma set of relevance ratings provided
by the subjects.

Table A3: Rating-Scale Definitions

TITLE ENDPOI NTS DESCRI PTI ONS

Ment al Demand | ow hi gh How much mental and perceptual activity was required (e.g.,

t hi nki ng, deciding, calculating, renmenbering, I|ooking,
searching, etc.)? Was task easy or demanding, sinple or
conpl ex, exacting or forgiving?

Physi cal Demand | ow hi gh How much physical activity was required (e.g., pushing,
pul ling, turning, conrolling, activating, etc.)? Was the task
easy or demanding, slow or brisk, slack or strenuous, restful
or | aborious?

Tenpor al Demand | ow hi gh How much time pressure did you feel due to the rate or pace
at which the tasks or task el ements occurred? Was the pace
slow and leisurely or rapid and frantic?

Per f or mance good/ poor How successful do you think you were in acconplishing the
goal s of the task set by the experimenter (or yourself)?

How satisfied were you with your performance in acconplishing
t hese goal s?

Effort | ow hi gh How hard did you have to work (mentally and physically) to
acconplish your |evel of performnce?

Frustration Level | ow hi gh How i nsecure, discouraged, irritated, stressed, and annoyed
versus secure, gratified, content relaxed and conpl acent did
you feel during the task? (NASA Task Load Index, p. 13)

Many of the conclusions drawn by Hart and Stavel and (1988) were based on

correl ations. However, the distributions of subjective responses to many tasks were
skewed. Hart and Stavel and did not indicate whether the distributions were
normalized prior to the anal yses, suggesting a |ack of honoscedasticity (a normal
distribution around a regression line) for nmany of the correlations cal cul ated
Additionally, multicollinearity anong ratings was not controlled by the cal cul ation
of semi-partial correlation values. These deficiencies call into question
concl usi ons based on the correl ati ons.

A- 20
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Fi gure A10: NASA TLX Rating Sheet
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On the other hand, there was at |east one striking simlarity between TLX data and
the structure of SWAT, another nulti-dimensional technique. Wen ten di nensions were
under consideration during the process of elimnation, the four dinensions

consi dered nost inportant by the subjects paralleled the three di mensions sel ected
for use in SWAT: mental effort, tine pressure, and psychol ogical stress. The four
TLX di mensi ons were, in order of inportance, time pressure, frustration, stress, and
mental effort. Frustration may be thought of as highly related to both tine pressure
and psychol ogi cal stress. The simlarity between the two approaches may support the
hypot hesi s that perceptions of workload are, indeed, highly dependent on perceptions
of time pressure, mental effort, and psychol ogical stress. An attenpt to conpare TLX
to SWAT by Hart and Stavel and (1988) was nmarred by the failure to use partiallizing
techni ques to conpute interrel ationships of the Subjective Wrkload Assessnent

Techni que anong the di mensi ons.

Vidulich and Tsang (1985) conpared the SWAT and TLX. They stated that the collection
of ratings is sinpler with SWAT. However, the SWAT card sort is nore tedious and
time consum ng

Hart and Stavel and (1988) concluded that the TLX provides a sensitive indicator of
overall workload as it differed anong tasks of various cognitive and physica
demands. They al so stated that the weights and magni tudes determ ned for each TLX
di nensi on provide inportant diagnostic information about the sources of | oading
within a task. They reported that the six TLX ratings took | ess than a mnute to
acquire and suggested the scal e woul d be useful in operational environnments.
Battiste and Bortolussi (1988) reported significant workl oad effects as well as a
test-retest correlation of +0.769. Corwi n, Sandry-Garza, Biferno, Boucek, Logan
Jonsson, and Metalis (1989) reported that NASA TLX was a valid and reliable nmeasure
of workload. Bittner, Byers, H ||, Zaklad, and Christ (1989), Byers, Bittner, H Il
Zakl ad, and Christ (1988), HIl, Byers, Zaklad, and Christ (1989), H I, Zaklad
Bittner, Byers, and Christ (198~), and Shively, Battiste, Matsunoto, Pepitone
Bortolussi and Hart (1987), based on inflight data, stated that TLX ratings
significantly discrimnated flight segnents. Vidulich and Bortol ussi (1988b)
replicated the significant flight-segnent effect but reported no significant
differences in TLX ratings between control configurations, nor between conbat

count ermeasure condi tions. Tsang and Johnson (1987) reported good correl ations

bet ween NASA TLX and a uni -di nensional workload scale. In a later study, these

aut hors (Tsang and Johnson, 1989) reported reliable increases in NASA TLX ratings
when target acquisition and engine-failure tasks were added to the primary flight
task. Battiste and Bortol ussi (1988) reported no significant correl ation between
SWAT and NASA TLX in a simulated B-727 flight. Vidulich and Tsang, (1987) replicated
the Tsang, and Johnson finding as well as reported a good correl ati on between NASA
TLX and the Anal ytical H erarchy Process. In the sanme year, Nataupsky and Abbott
(1987) successfully applied NASA TLX to a nulti-task environnent. Finally, H I

| avecchia, Byers, Bittner, Zaklad, and Christ (1992) reported that the NASA TLX was
sensitive to different |evels of workload and high in user acceptance. Their
subjects were Arny operators. Nygren (1991) reported that NASA TLX is a measure of
general workl oad experienced by aircrews.

Data requirements - Use of the TLX requires two steps. First, subjects rate each task
perfornmed on each of the six subscales. Hart suggests that subjects should practice
using the rating scales in a training session. Second, subjects nust perform 15

pai r-w se conparisons of six workload scales. The nunmber of tinmes each scale is
rated as contributing nore to the workload of a task is
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used as the weight for that scale. Separate weights should be derived
for diverse tasks; the sane weights can be used for simlar tasks.
Note that a set of |IBM PC conpati bl e prograns has been witten to
gather ratings and wei ghts and to conpute the wei ghted workl oad
scores. The prograns are avail able fromthe Human Factors Division at
NASA Anes Research Center, Mffett Field, CA

Thresholds - Not st at ed.
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Overall Workload Scale

General description - The Overall Wrkload (ON Scale is a bipolar
scal e requiring subjects to provide a single workload rating.

Strengths and limitations - The ONscale is easy to use but is |ess
valid and reliable than NASA TLX or AHP ratings (Vidulich and Tsang,
1987). Hill, lavecchia, Byers, Bittner, Zaklad, and Christ (1992)
reported that ONwas consistently nore sensitive to workload and had
greater operator acceptance than the Mdified Cooper-Harper rating
scal e or the Subjective Wrkload Assessnent Techni que (SWAT).

Data requirements - Not stated.

Thresholds - Not st at ed.
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Pilot Objective/Subjective Workload Assessment Technique

General description - The Pil ot Objective/ Subjective Wrkl oad
Assessnent Techni que (POSWAT) is a ten-point subjective scale

devel oped at the Federal Aviation Admnistration's Technical Center
(Stein, 1984). The scale is a nodified Cooper-Harper scale but does
not include the binary decision tree that is characteristic of the
Cooper - Har per scale. It does, however, divide workload into five
categories: low, mnimal, noderate, considerable, and excessive. Like
t he Cooper-Harper, the |lowest three levels (1 through 3) are grouped
into a | ow category.

Strengths and limitations - Stein (1984) reported that POSWAT rati ngs
significantly differentiated experienced and novice pilots and high
(initial and final approach) and |low (en route) flight segnents.
There was also a significant |earning, effect workload ratings were
significantly higher on the first than on the second flight. Al though
t he POSWAT scal e was sensitive to manipul ati ons of pilot experience
level for flights in alight aircraft and in a simulator (Mllery and
Maresh, 1987), the scal e was cunbersone. Seven di nensi ons (workl oad,
communi cations, control inputs, planning, "deviations," error, and

pi |l ot conpl enent) are conbi ned on one scale. Further, the nunber of
ranks on the ordinal scale are confusing since there are both five
and ten levels. In the Mallery and Maresh (1987) study, POSWAT

rati ngs were obtained once per mnute during sinulated and actua
flights. This high rate of data acquisition was al so used by
Rosenberg, Rehmann and Stein (1982). The latter investigators found
that pilots reliably reported workload differences in a tracking task
on a sinple ten-point non-adjectival scale. Therefore, the cunbersone
structure of the POSWAT scal e may not be necessary.

Data requirements - Stein (1984) suggested not anal yzi ng POSWAT rati ngs
for short flight segments if the ratings are given at one-mnute
interval s.

Thresholds - Not st at ed.
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Pilot Subjective Evaluation

General description - The Pilot Subjective Evaluation (PSE) workl oad
scal e (see Figure All) was devel oped by Boeing for use in the
certification of the Boeing 767 aircraft. The scale is acconpani ed by
a questionnaire. Both the scale and the questionnaire are conpl eted
with reference to an existing aircraft selected by the pilot.

Strengths and limitations - Fadden (1982) and Ruggeri o and Fadden
(1987) stated that the ratings of workload greater than the reference
aircraft were useful in identifying aircraft design deficiencies.

Data requirements - Both the PSE scale and the questionnaire nust be
conpl eted by each subject.

Thresholds - 1, m ni mum wor kl oad; 7, naxi num wor k|l oad.

Phol Sublective Evaluation Scala
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Figure All: Pilot Subjective Evaluation Scale
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Subjective Workload Assessment Technique

General description - The Subjective Wrkl oad Assessnent Techni que (SWAT) conbi nes
ratings of three different scales (see Table A4) to produce an interval scale of
nment al workl oad. These scales are: (1) time load, which reflects the anount of spare
time available in planning, executing, and nonitoring a task; (2) nental effort

| oad, whi ch assesses how nuch conscious nental effort and planning are required to
performa task; and (3) psychol ogical stress |oad, which neasures the amounts of

ri sk confusion, frustration, and anxiety associated with task performance. A nore
conpl ete description is given in Reid and Nygren (1988). A description of the
initial conjoint measurenment nodel for SWAT is described in Nygren (1982, 1983).

Table A4: SWAT Scales

Time Load

1. Often have spare time. Interruptions or overlap among activities occur infrequently or not at all.

2. Occasionally have spare time. Interruptions or overlap among activities occur frequently.

3. Almost never have spare time. Interruptions or overlap among activities are frequent or occur all the time.
Mental Effort Load

1. Very little conscious mental effort or concentration required. Activity is almost automatic, requiring llttle
or no attenUon.

2. Moderate conscious mental effort or concentration required. Complexity of activity is moderately high due to
uncertainty, unpredictability, or unfamiliarity. Considerable attention required.

3. Extensive mental effort and concentration are necessary. Very complex activity requiring total attention.
Psychological Stress Load
1. Little confusion, risk, frustration, or anxiety exists and can be easily accommodated.

2. Moderate stress due to confusion, frustration, or anxiety noticeably adds to workload. Significant
compensation is required to maintain adequate perforrnanco.

3. High to very intense stress due to confusion, frusation, or anxiety. High to extreme determination and self-
control required (Potter and Bressler, 1989, pp. 12-14).

Strengths and limitations - SWAT has been found to be a valid (Al bery, Repperger
Rei d, Goodyear, and Roe, 1987; Haworth, Bivens, and Shively, 1986; Masline, 1986
Rei d, Shi ngl edecker, and Eggeneier, 1981; Reid, Shingledecker, Nygren, and
Eggenei er, 1981; Vidulich and Tsang, 1987; Warr, Colle, and Reid, 1986), sensitive
(Eggenei er, Crabtree, Zingg, Reid and Skingl edecker, 1982), reliable (Corw n,
Sandry- Garza, Biferno, Boucek, Logan, Jonsson, and Metalis, 1989; G dconb, 1985),
and rel atively unobtrusive (Crabtree, Bateman, and Acton, 1984; Courtright and
Kuper man, 1984; Eggenei er, 1988) neasure of workload. Further, SWAT ratings are not
af fected by delays of up to 30 minutes (Eggeneier, Crabtree, and LaPointe, 1983),
nor by intervening tasks of all but difficult tasks (Eggeneier, Mlville, and
Crabtree, 1984; Lutmer and Eggeneier, 1990). Warr (1986) reported that SWAT ratings
were | ess variabl e than nodified Cooper-Harper ratings.
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SWAT has been used in diverse environments, for exanple, a high-G centrifuge

(Al bery, Ward, and GI1, 1985), command, control, and comunications centers
(Crabtree, Bateman, and Acton, 1984), nucl ear power plants (Beare and Dorris, 1984),
doned flight sinmulators (Reid, Eggeneier, and Shingl edecker, 1982), tank sinulators
(Whitaker, Peters, and Garinther, 1989); and the benign | aboratory seKing (G aham
and Cook, 1984; Kilmer, Knapp, Burdsal, Borrensen, Bateman, and Ml zahn (1988)). In
the | aboratory, SWAT has been used to assess the workload associated with critica
tracki ng and comuni cation tasks (Reid, Shingledecker, and Eggeneier, 1981), menory
tasks (Eggenei er, Crabtree, Zingg, Reid, and Shingl edecker, 1982; Eggenei er and

Shdl er, 1984; Potter and Acton, 1985), and nonitonng tasks (Notestine, 1984).

Usage in sinulated fiight has al so been extensive (Haworth, Bivens, and Shively,
1986; Nat aupsky and Abbott, 1987; Schick and Hann, 1987; Skelly and Purvis, 1985
Skelly, Reid, and WIson, 1983; Thiessen, Lay, and Stern, 1986; Ward and Hassoun
1990). For exarnple, Bateman and Thonpson (1986) reported that SWAT ratings

i ncreased as task difficulty increased. Their data were collected in an aircraft
simulator during a tactical mssion. Vickroy (1988), also using an aircraft
simulator, reported that SWAT ratings increased as the anobunt of air turbul ence
i ncreased.

Usage in fiight has been extensive. For exanple, Pollack (1985) used SWAT to assess
diffierences in workload between flight segrnents. She reported that C 130 pilots
had t he hi ghest SWAT scores during the approach segnent of the mssion. She also
reported higher SWAT ratings during the preflight segments of tactical, rather than
proficiency, mssions. Haskell and Reid (1987) found significant difference in SWAT
rati ngs between right maneuvers and al so between successfully conpl eted maneuvers
and those that wae not successfully conpleted. Gawon, et al. (1988) anal yzed SWAT
ratings made by the pilot and copilot four times during each familiarization and
data flight: (1) during the taxi out to the runway, (2) just prior to a simlated
drop, (3) just after a sinmulated drop, and (4) during the taxi back to the hangar
There were significant segnents effects. Specifically, SWAT ratings were hi ghest
before the drop and | owest for preflight. The ratings during postdrop and postflight
were both noderate

In addition, ratings of the tine, effort, and stress scales may be individually

exam ned as wor kl oad conmponents (Eggeneier, MGhee and Reed, 1983). Finally,

Eggl eston (1984) found a significant correlation between projected SWAT rati ngs nade
during system concept eval uation and those nade during ground-based simulation of
the same system Nygren (1991) stated that SWAT provi des a good cognitive nodel of
wor kl oad, sensitive to individual differences.

Experience with SWAT has not been all positive, however. For exanple, Boyd (1983)
reported that there were significant positive correlations between the three
wor kl oad scales in a text-editing task. This suggests that the three dinmensions of
wor kl oad are not independent. This, in turn, poses a problemfor use of conjoint
nmeasur enent techniques. Derrick (1988) and Hart (1986) suggest that three scal es may
not be adequate for assessing workl oad. Further, experience at the Air Force Flight
Test Center at Edwards Air Force Base with SWAT suggests that task demands during
flight tests often preclude the acquisition of multiple ratings. Battiste and

Bortol ussi (1988) reported a test/retest correlation of +0.751 but also stated that,
of the 144 SWAT ratings reported during, a simulated B-727 flight, 59 were zero
Corwin (1989) reported no difference
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between inflight and postflight ratings of SWAT in only two of three flight
conditions. Kilmer, et al. (1988) reported that SWAT was nore sensitive to changes
indifficulty of a tracking task than the nodified Cooper-Harper Rating Scal e was.

G dconb (1985) reported casual card sorts and urged enphasi zing the inportance of
the card sort to SWAT raters. A conputerized version of the traditional card sort is
bei ng devel oped at the Air Force School of Aerospace Medicine. This version
elimnates the tediumand dramatically reduces the tine to conplete the SWAT card
sort. Haworth, Bivens, and Shively (1986) reported that, although the SWAT was abl e
to discrimnate control configuration conditions in a single-pilot configuration, it
could not discrimnate these sone conditions in a pilot/copilot configuration

W1 son, Hughes, and Hassoun (1990) reported no significant differences in SWAT
ratings anong display formats, in contrast to pilot coments. Van de G aaff(1987)
reported consi derable (60 points) intersubject variability in SWAT ratings during an
in-flight approach task. H1l, lavecchia, Byers, Bittner, Zalclad, and Christ (1992)
reported that SWAT was not as sensitive to workload or as accepted by Arny operators
as NASA TLX and the Overall Wbrkl oad Scal e

Data requirements - SWAT requires two steps to use: scal e devel opnent and event
scoring. Scal e devel opment requires subjects to rank, fromlowest to highest
wor kl oad, 27 conbinations of three | evels of the three workl oad subscal es. The

| evel s of each subscale are presented in Table A4. Progranms to cal cul ate the SWAT
score for every conbination of ratings on the three subscales are available fromthe
Harry G Arnmstrong Aerospace Medical Research Laboratory at Wight-Patterson Air
Force Base. A user's nmanual is also available fromthe same source

During, event scoring, the subject is asked to provide a rating (1, 2, -)) for each

subscal e. The experinenter then maps the set of ratings to the SWAT score (1 to 100)
cal cul ated during the scal e devel opnent step. Reid (1987) suggests that the tasks to
be rated be neaningful to the subjects and, further, that the ratings not interfere

with performance of the task. Acton and Colle (1984) reported that the order in

whi ch the subscal e ratings are presented does not affect the SWAT score. However, it
is suggested that the order remain constant to m nim ze confusion

Thresholds - M ninumvalue is 0, maxi mumvalue is 100. H gh workl oad is associated
with the nmaxi mum val ue
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Subjective Workload Dominance Technique

General description - The Subject;ve Wrkl oad Domi nance (SWORD) techni que uses
judgment matrices to assess workl oad

Strengths and limitations - SWORD is a sensitive and reliable workl oad nmeasure
(Vidulich, 1989).

Data requirements - There are three required steps: (1) a rating scale listing al
possi bl e pai rwi se conparisons of the tasks performed nust be conpleted, (2) a
judgment matrix conparing each task to every other task nust be filled in with each
subject's evaluation of the tasks, and (3) ratings rmust be cal cul ated using a
geonetri c neans approach

Thresholds - Not stated

A-30

66



Workload/Compensation/Interference/Technical Effectiveness

General description - The Wrkl oad/ Conpensati on/ | nterference/ Techni ca
requi res subjects to rank the sixteen matrix
The ratings are converted by conjoint scaling,

(WOl / TE)

cells and then rate specific tasks.

techni ques to values of 0 to 100.

Strengths and limitations - Werw

rating scale (see Figure Al2)

Il e and Connor (1983)

Ef f ecti veness

reported sensitivity of WO/ TE

ratings to three levels of task difficulty in a simulated flight task Werwi || e,

Casal i, Connor

psychonot or, perceptual, and nedi

and Rahim (1985)

ational tasks. O Donnel

reported sensitivity to changes in difficulty in

and Eggenei er (1986)

suggest that the WO/ TE shoul d not be used as a direct measure of workl oad
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Data requirements - Subjects nust
speci fic tasks.
to WCI / TE val ues.

Conpl ex mat henati ca

rank the sixteen matrix cells and then rate

processing is required to convert the ratings

Thresholds - 0 is m ni mum wor kl oad, 100 i s naxi mum wor kl oad.
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Crew Situational Awareness

General description - Mdsi er and Chidester (1991) devel oped a method for measuring
situational awareness of air transport crews. Expert observers rate crew,

coordi nation performance and identify and rate perforrnance errors (type 1, m nor
errors; type 2, noderately severe errors; and type 3, najor, operationally
significant errors). The experts then develop information transfer matrices
identifying tirne and source of itemrequests (pronpts) and verbalized responses.
Information is then classified into decision or non-decision information

Strengths and limitations - The nmethod was sensitive to type of errors and decision
pronpts.

Data requirements - The net hod requires open and frequent communi cati on anong air
crew nenbers. It also requires a team of expert observers to develop the information

transfer matrices.

Thresholds - Not st ated.
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Situational Awareness Global Assessment Technique

General description - The nost wel | - known obj ective neasure of SAis the Situationa
Awar eness G obal Assessnent Techni que (SAGAT) (Endsley, 198~a). SAGAT was desi gned
around real -time, human-in-the-loop sinulation of a mlitary cockpit but could be
generalized to other systenms. Using SAGAT, the sinulation is stopped at random
times, and the operators are asked questions to determine their SA at that
particular point in tinme. Subjects' answers are conpared with the correct answers

t hat have been simultaneously collected in the conputer database. "The conparison of
the real and perceived situation provides an objective neasure of ... SA" (Endsley,
1988b, p. 101). This same technique could be used with any conplex systemthat is
simul ated, be it a nucl ear power plant control roomor the engine roomof a ship. In
addition, if an operational systemis properly instrunented, SAGAT is al so
applicable in this environment. SAGAT uses a graphical conputer programfor the
rapid presentation of queries and data collection. In addition to possessing a high
degree of face validity, the SAGAT techni que has been tested in several studies,

whi ch denonstrated: (1) enpirical validity (Endsley, 1989, |1990a) - the technique of
freezing the sinulation did not inpact subject perfonnance and subjects were able to
reliably report SA knowl edge for up to six minutes after a freeze w thout menory
decay problens; (2) predictive validity (Endsley, 1990b) -1inking SAGAT scores to
subj ect performance; and (3) content validity (Endsley, | 990a) - show ng

appropri ateness of the queries used (for an air-to-air fighter cockpit).

Strengths and limitations - SAGAT provi des unbi ased objective nmeasures of SA across
all of the operators' SA requirenents that can be conputed in terns of errors or
percent correct and can be treated. However, Sarter and Wods (1991) suggest that
SAGAT does not measure SA but rather measures what pilots can recall. Further
Fracker and Vdulich (1991) identified two ma30r problens with the use of explicit
nmeasures of SA, such as SAGAT: (1) decay of inforrnation and (2) inaccurate beliefs.

Data requirements - The proper queries nmust be identified prior to the start of the
experi nent.

Thresholds - Tol erance limts for acceptabl e deviance of perceptions fromreal values
on each pararneter should be identified prior to the start of the experinent.
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Situational Awareness Rating Technique

General descriphon - An exanple of a subjective neasure of SAis the Situationa

Awar eness Rating Techni que (SART) (Taylor, 1990). SART is a questionnaire method
that concentrates on nmeasuring the operator's know edge in three areas: (1) denmands
on attentional resources, (2) supply of aKentional resources, and (3) understanding
of the situation (see Table A5). The reason that SART neasures three different
conponents (there is ~so a 10-di mensi onal version) is that the SART devel opers fee
that, like worlcload, SAis a conplex construct; therefore, to neasure SAin all its
aspects, separate measurenent di nensions are required. Because information
processi ng and deci sion making are inextricably bound with SA (since SA invol ves
primarily cognitive rather than physical workl oad), SART has been tested in the
context of Rasmussen's Mdel of skill-, rule-, and know edge-based behavior. Selcon
and Tayl or (1989) conducted separated studies |ooking at the relationship between
SART and rul e- and know edge-based deci si ons, respectively. The results showed that
SART ratings appear to provide diagnhosticity in that they were significantly rel ated
to performance neasures of the two types of decision naking. Early indications are
that SART is tapping the essential qualities of SA, but further validation studies
are required before this technique is commonly used

Table A5: Definitions of SART Rating Scales

Demand on Attentional Resources
Instability: Likelihood of situation changi ng suddenly.
Conpl exity: Degree of conplication of situation
Variability: Nunber of variables changing in situation.
Supply of Attentional Resources
Arousal : Degree of readiness for activity.
Concentration: Degree to which thoughts bear on situation
Di vision: Amount of division of attention in situation.
Spare Capacity: Anobunt of attention left to spare for new
vari abl es.
Under st andi ng of the Situation
Information Quantity: Amount of information received and
under st ood
Information Quality: Degree of goodness of information
gai ned

Strengths and limitations - SART is a subjective neasure and, as such, suffers ~omthe
inherent reliability problenms of all subjective measures. The strengths are that

SART is easily adm ni stered and was devel oped in three |ogical phases: (1) scenario
generation, (2) construct elicitation, and (3) construct structure validation

(Tayl or, 1989). SART has been prescribed for conparative system design eval uation
(Tayl or and Sel con, 1991). SART is sensitive to differences in performance of
aircraft attitude recovery tasks and | earning conprehension tasks (Sel con and

Tayl or, 1991; Tayl or and Sel con, 1990). However, Taylor and Sel con (1991) state
"There
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remai ns consi derabl e scope for scal es devel opnent, through description inprovenent,
interval justification and the use of conjoint scaling techniques to condense mnulti-
di nensional ratings into a single SA score" (p. 11). These authors further state
that "The diagnostic utility of the Attentional Supply constructs has yet to be
convinci ngly denonstrated" (p. 12).

Data requirements - Data are on an ordinal scale; interval or ratio properties cannot
be inplied

Thresholds - The data are on an ordi nal scale and nust be treated accordingly when
statistical analysis is applied to the data. Non-parametric statistics may be the
nost appropriate anal ysis met hod
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